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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 subchondral 
bone and cartilage tissue repair and regeneration. Considering the limitation of articu-
lar 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 overviews the most recent developments in the field of osteochondral tissue 
engineering. It covers the concepts and current challenges for bone and cartilage 
repair and regeneration, along with technological advances for osteochondral tissue. 
Specific topics include viscosupplementation, tissue engineering approaches, 
technological advances with stem cells and cell-based therapies with applications 
for osteochondral, bioreactors and microfluidics including multichamber bioreac-
tors, and in vitro and in vivo mimetic models. This book presents the challenges and 
strategies being developed not only for bone and cartilage regeneration but also to 
establish the osteochondral interface formation to translate it into a clinical setting. 
Each chapter is prepared by world-known experts on their field, and serves as a 
core reference for biomedical engineering students and a wide range of established 
researchers and professionals working in the orthopedic field.

Barco, Guimarães, Portugal J. Miguel Oliveira
Barco, Guimarães, Portugal Sandra Pina
Barco, Guimarães, Portugal Rui L. Reis
Madrid, Spain Julio San Roman
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Chapter 1
Advances for Treatment of Knee OC 
Defects

Marta Ondrésik, J. Miguel Oliveira, and Rui L. Reis

Abstract Osteochondral (OC) defects are prevalent among young adults and are 
notorious for being unable to heal. Although they are traumatic in nature, they often 
develop silently. Detection of many OC defects is challenging, despite the criticality 
of early care. Current repair approaches face limitations and cannot provide regen-
erative or long-standing solution. Clinicians and researchers are working together in 
order to develop approaches that can regenerate the damaged tissues and protect the 
joint from developing osteoarthritis. The current concepts of tissue engineering and 
regenerative medicine, which have brought many promising applications to OC 
management, are overviewed herein. We will also review the types of stem cells that 
aim to provide sustainable cell sources overcoming the limitation of autologous 
chondrocyte-based applications. The various scaffolding materials that can be used 
as extracellular matrix mimetic and having functional properties similar to the OC 
unit are also discussed.

Keywords Osteochondral defects · Osteochondral tissue engineering · 
Regenerative medicine · Chondrocytes · Stem cell therapy · iPS cells · Scaffold 
design · and Bilayered scaffolds

M. Ondrésik (*) 
3B’s Research Group – Biomaterials, Biodegradables and Biomimetics, University of Minho, 
Headquarters of the European Institute of Excellence on Tissue Engineering and Regenerative 
Medicine, Barco, Guimarães, Portugal 

ICVS/3B’s – PT Government Associate Laboratory, Braga/Guimarães, Portugal
e-mail: marta.ondresik@dep.uminho.pt 

J. M. Oliveira · R. L. Reis 
3B’s Research Group – Biomaterials, Biodegradables and Biomimetics, University of Minho, 
Headquarters of the European Institute of Excellence on Tissue Engineering and Regenerative 
Medicine, Barco, Guimarães, Portugal 

ICVS/3B’s – PT Government Associate Laboratory, Braga/Guimarães, Portugal 

The Discoveries Centre for Regenerative and Precision Medicine, Headquarters at University 
of Minho, Barco, Guimarães, Portugal

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-76735-2_1&domain=pdf
mailto:marta.ondresik@dep.uminho.pt


4

1.1  Introduction

OC lesions are notorious for being unable to heal. They mostly affect the knee and 
the ankle. Usually the defects appear when the joint is used extensively, as caused 
by repetitive strain or direct trauma to the articulation, typical for sports activity. 
Genetic predisposition could be another factor responsible for OC damage [1]. 
Comorbidities of OC defects include joint malalignment, meniscal tear and liga-
mentous laxity [2]. In many cases these concomitant pathologies occur before the 
cartilage lesion, and known as contributors of the lesion development. Although the 
exact aetiology of OC defects has not yet been fully elucidated, researchers agree on 
two distinct phenotypes, manifested in degenerative lesions or traumatic focal 
defects [3, 4]. In either case, OC damages put the joint in a great risk of developing 
osteoarthritis; therefore, early recognition of the presence of any lesion or damage 
to any joint is of paramount importance [5, 6], especially because OC damages are 
more prevalent among adolescents and the physically more active younger popula-
tion [7, 8]. Articular cartilage defects can be of many sizes and shapes and vary in 
depths. In most severe cases, the defects reach down to the subchondral bone. Their 
diagnosis is challenging, as many lesions can exist without any symptoms, and their 
presence is often missed in the early stages [9, 10]. Unfortunately, even the silent 
lesions usually progress from partial to focal defects if they are left untreated 
(Fig. 1.1). Having OC lesions can often cause symptoms such as discomfort, tender-
ness or, in more severe cases, pain, swelling of the knee and limitation in motion of 
the patient [11].

To establish consistency and aid communication among physicians, there were 
several grading scales developed, which describe the degree, severity and some-
times the location of the cartilage lesions. The most frequently used classification 
system was invented by Outerbridge, which was named after him, called the 
Outerbridge scaling system (Table 1.1) [12]. This system divides the lesions into 
four categories, but it does not characterize the depth of the lesion. Another widely 
used scaling system was developed by the International Cartilage Repair Society 
(ICRS), which also has four grades, complemented with a zero state marking the 
normal state of the cartilage. The advantage of the ICRS scaling over the Outerbridge 

Fig. 1.1 Schematic representation of the structure of the osteochondral unit and the osteochondral 
defect

M. Ondrésik et al.
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scaling is that it describes the lesions based on their extent as well as depth 
(Table 1.2) [4, 13, 14].

For the management of OC lesions, there are several conservative and operative 
techniques, which are applied according to the extent of damage, age of the patient, 
doctor’s opinion and some other factors. These approaches have a common goal of 
providing pain relief, repairing the damaged tissues and improving joint functional-
ity [15]. The conservative management of cartilage lesions includes medications to 
fight pain and inflammation, drilling techniques, abrasion, microfracture as well as 
the transplantation of OC allografts and autologous chondrocyte implantation with 
or without matrix [16]. Despite their continuing use in the clinics, none of the men-
tioned approaches brought long-term solutions so far and could not fully regenerate 
the OC unit. In fact, according to prospective and retrospective studies, around 60% 
of knee arthroplasties performed were a result of previous cartilage lesions in the 
joint [17]. Knee arthroplasty is the most common clinical approach used to restore 
the joint function. Annually there are 700,000 arthroplasties performed in the USA, 
and it is estimated that this number will further increase, as much as reaching 3.48 
million by the year 2030 [17]. It was indicated that 5% of all knee illnesses in the 

Table 1.1 Classification of osteochondral injuries according to the ICRS grading

ICRS grading system

Grade 0 Normal
Having a healthy appearance, no signs of cracks

Grade 1 Almost normal
1.a Soft indentation
1.b Superficial cracks and fissures

Grade 2 Abnormal
Lesions extending down to <50% of cartilage depth

Grade 3 Severe lesion
3.a Cartilage defects >50% of cartilage depth
3.b Cartilage defects reach down to the calcified cartilage
3.c Cartilage defects reach down to the surface of subchondral bone but do not 
penetrate
3.d cartilage is bulging around the lesion site

Grade 4 Very severe lesion
4.a Cartilage lesion reaches down to the subchondral bone but not in the entire 
diameter of the lesion
4.b Cartilage lesion penetrates the subchondral bone fully and across the entire 
diameter of the lesion

Table 1.2 Classification of osteochondral injuries according to the Outerbridge grading system

Outerbridge system

Grade I Softening and swelling of the cartilage
Grade II Fragmentation and fissuring in an area half an inch or less in diameter
Grade III Fragmentation and fissuring, greater than 0.5 in diameter
Grade IV Erosion of cartilage down to exposed subchondral bone

1 Advances for Treatment of Knee OC Defects



6

general population originated from previous cartilage injuries, while 61% of the 
cases had OC damages, among which 19% could be specified as focal OC injury 
[18]. It is therefore leaving no doubt that the burden of OC injuries on today’s 
healthcare and society is huge and its management requires the development of 
more effective techniques.

In this chapter, we will be briefly discussing the basics of current approaches to 
diagnose and treat OC defects, but our main focus will be on the future therapeutic 
regimens of OC lesion management with special focus on the knee joint. We will 
describe how the advancement of tissue engineering and regenerative medicine 
(TERM) brought new aspects to articular cartilage healing and will demonstrate the 
main components of these approaches, namely, the cell sources and matrices used 
in TERM.

1.2  Knee Joint

The largest and most complex joint of the body is the knee. It is a modified hinge 
joint, which actually consists of two articulations, namely, the patellofemoral and 
tibiofemoral [19, 20]. The knee is subjected to a great load while walking, jumping, 
running or performing other activities [21]. It provides stability via a combination 
of ligaments, tendons, synovial capsule and muscular components [22]. The osse-
ous part is composed of the tibia, fibula, femur and patella. The surfaces of the joints 
are covered by articular cartilage, which allows frictionless movement [23, 24]. For 
extra cushioning, there is a pair of moon-shaped fibrocartilage tissues, called the 
menisci, between the femoral condyles and tibial plateau. Both the AC and the 
menisci have important shock-absorbing function in the joint [25].

1.2.1  Articular Cartilage

Articular cartilage is a type of hyaline cartilage which covers the joint surface pro-
viding gliding to it. It is a thin layer of tissue ranging from 3 to 7 mm of thickness 
at the various anatomical sites [25, 26]. The AC has a white, glassy appearance and 
lacks both vascularization and innervation in its healthy state. Despite its simple 
appearance, articular cartilage is a complex and highly specialized tissue. It consists 
of four layers, each of which bears with a unique structure. The main macromolecu-
lar components of the cartilage are the collagen and proteoglycan molecules, which 
create distinctive patterns at the different zones of the tissue and thus also define 
functional differences among the layers [27, 28]. Aggrecan is the most abundantly 
found proteoglycan molecule of the articular cartilage, while among collagen mol-
ecules, type II collagen is the most typical [29, 30]. The only cell type found in the 
cartilage, are the chondrocytes, which possess different properties at the different 

M. Ondrésik et al.
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layers of the tissue. Accordingly, the (i) uppermost layer called the superficial or 
tangential zone has rather flattened cells localized densely. Both the cells and col-
lagen fibrils lie parallel to the surface herein. This layer has lesser amounts of pro-
teoglycan molecules, among which biglycan and decorin are the most representative 
[31, 32]. The superficial layer makes up 10–20% of the whole cartilage. The chon-
drocytes found in this layer also produce a protein called lubricin, which is a mucous 
glycoprotein. Lubricin serves as a lubricant on the cartilage surface and together 
with the superficial zone protein creates a film which equips the cartilage with the 
mentioned low-friction properties [24, 33]. This layer is also rich in fibronectin and 
water. The (ii) intermediate zone builds up 40–60% of the total volume of the carti-
lage. The cells are localized less dense, have a spheroid morphology and are larger 
as compared to the upper layer [34]. The extracellular matrix is abundant in proteo-
glycan and thick collagen fibrils. The organization of the fibrils show less structure 
[35, 36]. The (iii) deep or radial zone of the articular cartilage makes up 30% of the 
total tissue volume. This layer has the least amount of cells and water, but the most 
of the proteoglycan molecules and the largest collagen fibrils [37, 38]. The chondro-
cytes are stack in columns and have spherical shapes. Both the collagen molecules 
and chondrocytes lie perpendicular to the cartilage surface. The (iv) calcified carti-
lage is located beneath the radial zone, also called the basal layer [25, 39, 40]. It is 
separated from the radial zone by the tidemark, which is narrow layer, metabolically 
active for the calcification. The tidemark is an important interface between the soft 
and calcified cartilage. It also has a crucial role in damping the loads. The calcified 
cartilage creates a connection between the hyaline cartilage and subchondral bone 
[41, 42]. This layer has a sparse amount of chondrocytes, which are smaller in size 
and have a hypertrophic phenotype. These chondrocytes are metabolically less 
active and are completely embedded in the extracellular matrix. Most typical col-
lagen in this zone is the collagen type X [43, 44]. Collagen type X is believed to 
have an important role in mechanical load transmission [31, 45]. Any structural 
change to the articular cartilage as a result of either biomechanical or biochemical 
changes will ultimately result in poor mechanical properties and cartilage 
degeneration.

1.2.2  Subchondral Bone

The subchondral bone is located underneath the calcified cartilage. Together they 
compose the OC unit. The AC acts in concert with the subchondral bone to absorb 
the mechanical load in the joint [46]. The subchondral bone consists of two ana-
tomical entities, the subchondral plateau and the subchondral spongiosa [41]. The 
subchondral bone is richly perforated by veins and arteries as well as by nerves. The 
subchondral bone is an important exchange interface for the AC. It has been demon-
strated that the AC and the subchondral bone have an intense crosstalk, especially 
during the onset of joint degeneration [40, 47, 48].

1 Advances for Treatment of Knee OC Defects
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1.3  Limitations of Current Clinical Approaches

There are several major limitations to effective treatment of OCDs, and their diag-
nosis is also extremely challenging in many cases. Often subtle injuries show little 
or no dysfunction, which results in their delayed detection. But even if diagnosis is 
performed accurately, due to the low intrinsic capacity of the cartilage, conservative 
care is often unable to provide a long-term solution. Many of the current techniques 
focus on symptom management and functional improvement of the joint [7, 49]. 
Common treatment strategies are the use of non-steroidal anti-inflammatory drug 
(NSAID) agents, which are often used together with cast immobilization, or in 
cases where surgical intervention is required microfracture, drilling techniques and 
the use of allografts or autologous chondrocyte transplants are the routined 
 applications [16].

1.3.1  Diagnosis of OC Lesions

Patients with acute joint injury usually suffer from pain, swelling and joint effusion, 
which appear as the consequence of the influx of inflammatory mediators. They 
usually are also limited in motion and have the joint inflexible in many cases or 
report mechanical symptoms such as clicking and locking of the knee. OC injury 
often goes together with the damage of the menisci and the ligaments or results in 
loose bodies in the joint cavity. In many cases on the other hand, OC lesions can go 
unnoticed, having no symptoms, and thus being challenging to diagnose [28].

Currently, the diagnosis of OC lesions relies on patient medical history, patient 
self-assessment, symptomatic findings,  furthermore radiographic and magnetic 
resonance imaging, as well as arthroscopy [50]. Plain radiography is usually consid-
ered to be the gold standard as it is largely available and cost-sensitive [51, 52]. 
However, radiographic images may not depict the presence of small superficial 
cracks but can only identify more prominent lesions and loose bodies in the joint 
cavity. Magnetic resonance imaging (MRI) is a more precise method allowing 
higher resolution and thus providing more information but is also more costly [9, 
53]. MRI often goes together with the application of X-ray computed tomography 
(CT) [54]. Both MRI and CT can use contrast agents to enhance tissue differentia-
tion and enable better evaluation. Contrast agents are especially important for the 
visualization of cartilage and other soft tissue components in the joint [54, 55]. 
There is a large variety of contrast agents available. The use of metal chelates, i.e. 
gadolinium-based agents, is common for MRI application, while for CT iodine- 
based agents such as sodium iodide and sodium diatrizoate hydrate are the most 
established [56–60]. Arthroscopy is an intra-articular method used to visualize and 
examine the cartilage pathology. Arthroscopy is performed by orthopaedic sur-
geons, and during the procedure a small camera is led to the joint cavity via a small 
incision, which can accurately locate and classify the damage [61, 62]. Given its in 

M. Ondrésik et al.
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situ nature, arthroscopy is a very precise technique, but consequently it is also more 
invasive compared to other imaging approaches. However, arthroscopy is not only 
used for diagnosis but also for the therapy of the OC tissue which we will introduce 
in the next section [61, 62].

Taken together all possibilities for diagnosis, unfortunately it is still a hurdle to 
detect less pronounced cartilage damages. Early diagnosis and accurate evaluation 
of articular lesions should be immediate, as all defects can eventually progress to 
focal lesions.

1.3.2  Conservative and Surgical Care

OC injuries are traumatic in nature. When patients present with OC injury without 
any severe symptoms, typically ICRS grades I and II (Table 1.2), they are usually 
advised to rest, and often cast is used to immobilize the joint. The treatment regimen 
also includes the use of NSAIDs. The goal is to help the potential oedema resolve 
and avoid the development of any necrosis [49, 63]. In grades III and IV, the injury 
is accompanied by pain and larger damage to the joint; therefore, usually a surgery 
is imperative. Current surgical concepts for the restoration of articular cartilage 
structure and function mostly include approaches such as arthroscopic lavage and 
debridement, drilling, microfracture and the implantation of OC allografts and 
autologous chondrocytes [64–67].

Arthroscopic lavage and debridement involves the incision of the joint and inser-
tion of a small camera, called the arthroscope, for the evaluation of damage as men-
tioned before. When the location and degree of defect are assessed, it is washed 
thoroughly to remove all loose bodies and damaged OC tissue from the cavity [68, 
69]. Microfracture and drilling are marrow stimulation techniques and are used in 
an attempt to initiate cartilage regeneration [70, 71]. After perforating the subchon-
dral bone, the blood is drained into the joint covering the cartilage surface and 
lesions with stem cells and bioactive molecules, such as growth factors which are 
believed to facilitate the cartilage repair capacity. The drilling holes are in close 
proximity to each other, approximately 3–4 mm apart [72, 73]. The ultimate goal is 
to reproduce biomechanically functioning cartilage. However, this procedure mostly 
leads to the formation of fibrocartilage only, which has knowingly reduced capacity 
to bear loading. OC graft implantation is used when there are larger defects present 
with size around 2 cm2 [66, 74]. Initially, autografts were harvested from the same 
patient’s intact joint region, usually from the patellofemoral site. However, due to 
anatomical misalignment, this procedure often failed. Advancement was brought by 
the multiple use of cylindrical shape osseous grafts, a procedure called mosaic-
plasty, developed by Hangody and Bobić [75, 76]. Further popularity of the usage 
of graphs came when standardization of tissue and cell storage was established by 
the American Association of Tissue Bank and US Food and Drug Administration in 
1998. Clear guidance on how long cells and tissues stay viable in refrigerated 
 condition allowed commercialization and wider use of OC allografts [66].  

1 Advances for Treatment of Knee OC Defects
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While  immunological intolerance is relatively rare, the lack of tissue incorporation 
and a possibility to disease transmission remain a relative complication to this 
procedure.

1.4  The Future of OC Repair: Advanced Therapies

The future of OC lesion repair has been taken over by the emerging approaches of 
TERM strategies, where the focus is on replacing and regenerating the damaged 
tissues, instead of restoring the function only [77, 78]. The number of TERM tech-
niques has been substantially increasing over the past years, resulting in a wide 
range of procedures to tackle tissue regeneration. Given the prevalence and low 
chances of healing on its own, OC lesions are prime candidates for stem cell thera-
pies and tissue engineering approaches.

1.4.1  Cell Sources

The only cell type which has the perfect capacity to regrow the native cartilage is the 
chondrocytes. However, continuous supply of fresh chondrocytes is hard, if not 
impossible, to maintain. Researchers and clinical experts are constantly looking for 
other more optimal cell sources and feasible strategies to repair OC lesions. Here we 
will list and describe the most promising cell candidates for cartilage regeneration.

1.4.1.1  Chondrocytes

Regeneration of OCDs requires the application of chondrocytes and osteoblastic 
cells. Autologous chondrocytes were for long the commonest choice for conserva-
tive and advanced approaches of cartilage therapy [61]. Autologous chondrocytes 
are the patient’s own cells harvested from a nondamaged area of the joint. The deri-
vation of biopsies from a healthy area of the cartilage can potentially initiate sec-
ondary osteoarthritis, which is a disadvantage of this technique [79]. Also, not all 
patients have enough healthy areas of the joint. Owing a restricted size of biopsies, 
the acquired cell number is limited. Therefore, to achieve sufficient amount of cells, 
the chondrocytes must first be expanded in vitro. This is a risk factor as the chondro-
cytes can lose their phenotype easily when not in their native environment [80, 81]. 
Once they bear with reduced chondrogenic capacity, their clinical use and thera-
peutic outcome are impeded [82]. Therefore, there had been various approaches 
developed to prevent dedifferentiation during ex vivo expansion, including the use 
of growth factors in the culture media, providing dynamic hydrostatic pressure to the 
cells while in culture and limiting the levels of oxygen in the environment [83, 84]. 
Another crucial factor is the amount of time of expansion; the shorter time the 
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chondrocytes spend in culture, the better the chances are to preserve their pheno-
type. However, these cells have a very low proliferation rate, and consequently the 
shorter the time, the smaller cell number is being achieved. Ergo, donor site morbid-
ity, cell dedifferentiation and limitations in cell number are the most critical detri-
ment of the use of autologous chondrocytes [82].

To overcome obstacles given by the limited availability of autologous chondro-
cytes, non-autologous chondrocytes had also been considered and explored as a 
potential cell source to manage OC defects [85]. The use of allogeneic or xenoge-
neic chondrocytes has the advantage of acquiring larger cell populations while 
avoiding damaging the healthy sites of the joint and thus the development of sec-
ondary osteoarthritis. One could even obtain cells from younger populations with 
better chondrogenic capacity [86]. However, this technique also has drawbacks, 
namely, immunological intolerance and the possibility of disease transmission.

1.4.1.2  Stem Cells

Stem cells had been widely explored to overcome the limited supply of primary 
cells. Continuous cell sources could be provided by using off-the-shelf stem cell 
techniques. Most research involves the application of mesenchymal stem cells 
(MSCs), but embryonic stem cells (ESCs) and induced pluripotent stem cells 
(iPSCs) had also been considered as ideal candidates for OC regeneration 
(Table 1.3).

Table 1.3 Advantages and disadvantages of the various cell candidates for the regeneration of the 
osteochondral unit

Cell types Benefits Challenges

Autologous chondrocytes Native phenotype
Immunocompatibility

Insufficient cell number
Prone to dedifferentiation

Allogeneic chondrocytes Larger cell number
Off-the-shelf solution

Risk of disease transmission
Lack of donor availability
Immune rejection

Adult stem cells (MSCs, 
ADSCs, SMSCs, BMSCs)

Reliable potential for 
differentiation
Large availability
Various tissue sources
Easy extractability
No ethical complications

Large variety of proliferative 
capacity, phenotype
Heterogeneous cell population
Differentiation problems

Embryonic stem cells (ESCs) Multiple cell types can be 
produced
Immortal cell source
Immune-privileged cells

Risk of teratoma formation
Ethical complications

Induced pluripotent stem 
cells (iPSCs)

Unlimited cell supply
Non-invasive extraction of 
donor cells
Large variety of cell types can 
be differentiated

Difficulty to achieve uniform 
differentiation
Risk of teratoma formation
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Mesenchymal stem cells (MSCs) are multipotent cells which can differentiate 
into osteoblast or chondroblast. They can be originated from various sources, such 
as the bone marrow, adipose tissue, synovium, infrapatellar fat pad, muscle, dermis, 
blood or the umbilical cord [87]. MSCs are defined by a minimal prerequisite estab-
lished by the International Society for Cellular Therapy. This includes the expres-
sion of surface markers CD105, CD73 and CD90 and the exclusion of surface 
molecules CD45, CD34, CD14 or CD11b, CD79α or CD19 and HLA-DR in stan-
dard culture conditions. They also have to be plastic adherent and capable of dif-
ferentiating into chondroblasts, osteoblasts and adipocytes in vitro [88].

Chondrogenic differentiation of MSCs is induced via the application of growth 
factors and by the manipulation of their culture environment. It is usually divided 
into three stages starting with (i) cell condensation and the expression of adhesion 
molecules, such as N-cadherin and tenascin-C, which facilitate the cell-cell interac-
tion. This is followed by (ii) the activation of transcription mediators including bone 
morphogenetic proteins (BMPs), Sox-9 and FGF signalling pathways. The last step 
is (iii) ECM deposition and pre-chordial cell formation which is continued by full 
chondrocyte formation [89]. MSCs isolated from different sources may differ in 
their differentiation potentials [90].

Synovium-derived MSCs (SMSCs) were demonstrated to have excellent chon-
drogenic potential, greater than the MSCs isolated from the donor-matched bone 
marrow, periosteum, muscle and adipose tissue [91]. Furthermore, SMSCs are 
closely related and share many characteristics with the chondrocytes. AC and the 
synovium originate from the same pool of precursor cells and have a similar gene 
expression profiles, i.e. superficial zone protein, collagen type II and aggrecan are 
all expressed by both the chondrocytes and SMSCs [92, 93]. SMSCs also have a 
relatively high rate of proliferation as compared to other MSCs. Furthermore, they 
were shown to deposit greater amount of extracellular matrix, as compared to 
BMSCs. This is especially important since ECM deposition is believed to delay cell 
senescence and dedifferentiation [94, 95]. Additionally, SMSCs are able to form 
hyaline cartilage in  vitro which holds extreme value for OC regeneration [96]. 
SMSCs are harvested via arthroscopy or from the synovial fluid. Unfortunately, the 
yield of cells is relatively low, having only around 14 cells per mL of synovial fluid, 
which have the capacity to form CFU-F colonies [97].

MSCs of other origin, such as bone marrow-derived stem cells (BMSCs) or 
adipose- derived stem cells (ADSCs), can also differentiate into chondrocytes or 
osteoblasts. Despite these cells having less chondrogenic potential, they bear with 
other advantages making them desirable for the OC tissue repair. In particular, 
ADSCs are routinely available from excised fat or lipoaspiration, which yields on 
average around 400,000 cells per mL, and thus provide the sufficient amount of 
cells easily [90]. Thorough molecular analysis had been performed to characterize 
these cells, and their trilineage mesodermal potential has been confirmed by several 
studies [98]. Different induction conditions had been identified where adipogenic, 
osteogenic and chondrogenic differentiation can be stimulated [99–101]. These 
include the presence of growth factors, hormones and mechanical stimuli, as well as  
3D scaffold cultivation using scaffolding materials with different composition. 
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Studies using alginate scaffolds demonstrated a superficial chondrogenic capacity 
of chondrocytes differentiated from ADSCs as compared to normal chondrocytes 
after 21 days of in vitro culture in alginate scaffolds [102]. On the other hand, when 
using hyaluronic acid scaffolds, collagen type II expression was similar in both 
ADSC and chondrocyte cultures and was lower in BMSC cultures. Numerous 
papers had been discussing whether BMSCs or ADSCs have stronger ability to dif-
ferentiate into the chondrogenic lineage. Most of them agree that BMSCs possess 
more chondrogenic potential. Interestingly, it was also shown that although ADSCs 
and BMSCs have similar surface receptor profile, they may require different induc-
tion conditions [103]. For instance, stimulating BMSCs and ADSCs by transform-
ing growth factor-β results in different chondrogenic profile as measured by 
chondrogenic marker expression, such as aggrecan and collagen type II.  It was 
pointed out that while bone morphogenetic protein-6 (BMP-6) had successfully 
resulted in increased expression of aggrecan by ADSCs, BMSCs required stimuli 
provided by TGF-β to achieve the same [104]. Unfortunately, BMSCs yield signifi-
cantly less cells upon harvest as compared to ADSCs, and they are harder to obtain 
involving a more invasive procedure, called bone marrow aspiration. It was shown 
that 1 mL marrow yields between 100 and 1000 cells.

ESCs and iPSCs have also tremendous potential as a cell source for the manufac-
ture of OC therapy. The advantage of ESCs and iPSCs over adult stem cells is that 
they can be expanded indefinitely without undergoing senescence. Blastocysts 
which are unsuitable for in vitro fertilization are used to acquire ESCs. ESCs are the 
inner cell mast of blastocyst. Consequently, scientific use of ESCs is ethically unac-
cepted in many countries despite the immense interest and potential of their applica-
tion. There are four main categories of methodologies to generate chondrogenic 
cells from ESCs, namely, (i) targeted differentiation, (ii) differentiation of ESCs via 
their coculture with mature chondrocytes, (iii) embryoid body formation with stim-
uli of growth factors and (iv) spontaneous differentiation into MSCs and subsequent 
chondrogenic differentiation [105]. Besides ethical concerns, teratoma formation is 
another problem encountered in the application of ESCs in regenerative therapy.

iPS cells are not burdened by ethical issues and were proven to be safe and sta-
bile when used for cartilage formation [106]. Since their first introduction in 2006, 
iPSCs were widely explored for various applications [107–109]. Originally, they 
were generated in a mouse model using fibroblasts. Four factors were manipulated, 
namely, two transcriptional factors, the octamer-binding transcription factors 3 and 
4 (Oct3/4) and the Kruppel-like factor 4 (Klf4), and two tumour-related genes, the 
v-myc avian myelocytomatosis viral oncogene homolog (c-Myc) and Sox-2 [107]. 
Successful chondrogenic differentiation of iPSCs derived from various sources, 
such as fibroblast-like cells, neural stem cells and human osteoarthritic chondro-
cytes, was also demonstrated [110, 111]. Generation of iPSCs and subsequent dif-
ferentiation into chondrogenic lineage from murine neural cells were achieved by 
the simultaneous overexpression of Oct4 and Klf4. Another approach, using somatic 
cells, had successfully generated iPSCs via a reprogramming approach using c-Myc, 
Klf4 and Sox-9 which were later able to differentiate into the chondrogenic lineage 
[112, 113]. Interestingly, even the reprogrammed cells show differences in their 
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chondrogenic potential. Namely, iPSCs originating from chondrocytes show 
 superior properties than iPSCs generated from neural or fibroblast-like cells [97]. 
iPSCs have tremendous potential for regenerative approaches. It is possible to 
establish allogeneic iPSC libraries, based on HLA phenotypes. These cells could be 
induced to differentiate into chondrogenic or osteogenic phenotype and could serve 
as off- the- shelf solution to heal OC lesions providing a truly advanced solution [89].

1.4.2  Biomaterials

Apart from the cell and molecular component, another pillar of the TERM 
approaches is the carrier. Although cells might be administered without scaffolding 
material, they often require support provided by a 3D structure to survive and keep 
their phenotype. Scaffolds need to be compatible with the cells as well as mechani-
cally matching the environment of implantation. To design appropriate scaffolds for 
the OC unit, one must understand the biology of both the cartilage and the subchon-
dral bone; therefore, it is particularly challenging. The scaffolds should integrate to 
their environment by being biocompatible and slowly degrade as the cells rebuild 
the tissue and thus also have to be biodegradable. There have been a myriad of mate-
rials proposed already originating from both natural and synthetic polymers [114]. 
The usage of inorganic materials, such as glasses and ceramics and metallic materi-
als, had also been introduced. In this section we will review the advantages and 
disadvantages of these different materials.

1.4.2.1  Natural Polymer-Based Materials

Natural polymers are derived from the nature; therefore, they bear with high bio-
compatibility properties which is an advantage over the synthetic polymers. They 
are of animal or vegetal origin, or obtained from algae, and can be synthesized as 
well [115–118]. They can also aid cells in their tissue interaction, synthesis and 
development due to molecular domains present on their structures. Collagen 
 polymers, for instance, contain ligands, which promote cell adhesion and matrix 
deposition [119, 120]. Collagen-based scaffolds showed improvement when regen-
erating cartilage; however, they also bear with relatively weak mechanical proper-
ties. Since both the cartilage and bone contain large amounts of collagen molecules, 
collagen- based scaffold seems to be an ideal candidate for OC regeneration. Current 
commercially available applications of collagen include Zyderm, CaReS (Arthro-
Kinetics, Essingen, Germany) and Carticel (Genzyme Inc., Cambridge, UK) [121, 
122]. Another favoured natural polymer is the alginate. Alginate is a linear, 
unbranched copolymer of L-glucuronic and D-mannuronic acid [123]. Ca-alginate 
porous scaffolds combined with gelatine were able to differentiate MSCs into both 
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chondrogenic and osteogenic lineages [124]. Alginate-based 3D scaffolds were 
shown to have the capacity to redifferentiate chondrocytes [125]. Among the cat-
ionic polymers, chitosan is the most popular. Based on the source and method of 
preparation, various chitosan materials can be attained, which also bear with differ-
ent properties. Successful subchondral bone and cartilage generation had been 
achieved by chitosan matrices [126]. Chitosan polymers have structural similarities 
with two major cartilage molecules, namely, hyaluronic acid and glycosaminogly-
can molecules; thus, it is also prepared as a blend [127]. Silk polymers obtained 
from silkworm cocoon or spider silk are also widely explored for the use of TERM 
approaches [128]. They can be combined with synthetic polymers, which are used 
to improve their mechanical stability and tailorability/processability. For instance, 
when silk was prepared in a combination as silk fibroin/nano-CaP to obtain bilay-
ered scaffolds, it showed superior mechanical properties compared to silk-only 
scaffolds [129].

Natural matrices have the advantage of being biocompatible and biodegradable 
and having more similarity to biological macromolecules; therefore, the native envi-
ronment can recognize it and process metabolically. However, natural matrices have 
the danger of transition hazardous agents and have purification issues; therefore, 
their use on the clinics is hampered. They also bear with weaker mechanical proper-
ties as compared to synthetic polymers.

1.4.2.2  Synthetic Polymer-Based Materials

As mentioned before, the main advantage of using synthetic polymers is owing 
complete control over their structure and having better mechanical properties. 
Synthetic polymers also do not have issues with disease transmission or limita-
tion in polymer supply. However, biocompatibility can become a major issue 
when using matrices fabricated from synthetic polymers. The most commonly 
used polymers for cartilage and bone engineering are poly(ethylene glycol) 
(PEG) and its derivatives poly(L-lactic acid) (PLLA) and poly(lactide-co-gly-
colide) (PLGA). These synthetic biodegradable polymers are often used as a 
blend of each other or combined with natural polymers to promote biological 
integration [78, 130, 131]. Despite their easy manufacture and large availability, 
synthetic polymers must be explored via the combination of natural polymers to 
enable better biocompatibility and orchestrate cellular events in vivo, e.g. cell 
adhesion, proliferation and matrix deposition. Accordingly, several studies dem-
onstrated chondrogenic differentiation of PLLA in combination with polymers 
of natural origin, such as chitosan and silk, proving their potential for OC regen-
eration [132, 133]. Besides the lack of cell recognition sites, synthetic materials 
also tend to degrade easily once implanted promoting the development of inflam-
mation. Thus, despite their advantages, synthetic polymer-based scaffolds are 
only ideal to be used as blend with natural matrices.
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1.4.2.3  Other Materials (Ceramics, Glasses, Metallic Materials)

Ceramics, such as calcium phosphate ceramics and hydroxyapatite, are favoured 
because of their biocompatibility and osteoconductive and osteoinductive nature 
[85]. They were shown to promote the production of bone-like apatite when 
implanted, therefore being able to integrate better and induce bone regeneration 
[134, 135]. As it was recently summarized and demonstrated, 3D–printed Ca ceram-
ics have tremendous potential to establish patient-specific bone grafting application; 
however, poor mechanical stability must be first addressed and solved [136]. 
Metallic materials include the application of stainless steel, titanium, titanium alloys 
and cobalt-based alloys. The main advantage of these materials is the structural 
architecture and mechanical property similar to the native grafts. Porous titanium 
bases were recently fabricated in combination with hydrogels for OC regeneration 
[137]. These biphasic scaffolds had the advantage of bearing with mechanical sta-
bility at the bone phase and having viable cell-seeded hydrogel integrated on top to 
support cartilage regeneration [137]. The major disadvantage of metallic materials 
is the lack of degeneration after implantation.

1.5  Final Remarks

There is no doubt that regeneration of OC damages is of major importance. 
Considering the poor healing capacity of the OC unit, so far only repair techniques 
had been applied, which fail to provide long-term solutions and full regeneration of 
the joints. Due to lack of regeneration, the danger of developing osteoarthritis is 
high in joints affected by OC injury. Orthopaedic surgeons and researchers are 
working on solutions, which can heal the damaged area by introducing cells, bioac-
tive molecules and support matrices to the defect site. Whereas, in case of larger 
injuries, the application of in  vitro engineered allografts could bring solutions, 
TERM approaches have the potential to overcome several limitations of the existing 
applications, such as insufficient cell number or cell differentiation, as well as can 
tackle the issue of lack of donors for OC grafts. TERM approaches hold great prom-
ise but also face many challenges. Finding the appropriate cell source, and estab-
lishing the environment to these cells, in which they are able to keep their phenotype 
or conversely differentiate into the desired phenotype, is extremely difficult, espe-
cially if we consider off-the-shelf solutions. Moreover, these cells usually need 3D 
support in vitro or when implanted. This is provided by scaffolding materials, which 
come in many shapes and forms. Finding the appropriate combination which then 
will facilitate tissue formation is hard. Furthermore, these materials have to be able 
to integrate into the native tissue and withstand the mechanical forces therein. This 
is especially difficult in the knee articulation, which is the largest joint in our body 
experiencing mechanical load over 20 MPa. Considering that the OC unit is com-
posed of both the articular cartilage and subchondral bone, biphasic scaffolds 
obtained by the combination of materials and cells show promise for OC 
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regeneration. Many routes had been proposed for material fabrication. Novel strate-
gies using the combination of bioceramics and polymeric materials or the blend of 
natural and synthetic materials are considered as optimal candidates. Among the 
cells, MSCs including SMSCs, BMSCs and ADSCs as well iPSCs are the favoured 
ones due to their large availability and chondrogenic potential. The design of strate-
gies for OC regeneration is open for further development and requires the combina-
tion of multidisciplinary approaches to reach its goal. Nevertheless, if cell and 
molecular biology, material science and orthopaedics are effectively brought 
together, chances are that we will be able to reach clinics with excellent and sustain-
able regenerative approaches for the OC unit.
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Abstract The management and treatment of cartilage lesions, osteochondral 
defects, and osteoarthritis remain a challenge in orthopedics. Moreover, these enti-
ties have different behaviors in different joints, such as the knee and the ankle, 
which have inherent differences in function, biology, and biomechanics. There has 
been a huge development on the conservative treatment (new technologies includ-
ing orthobiologics) as well as on the surgical approach. Some surgical development 
upraises from technical improvements including advanced arthroscopic techniques 
but also from increased knowledge arriving from basic science research and tissue 
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engineering and regenerative medicine approaches. This work addresses the state of 
the art concerning basic science comparing the knee and ankle as well as current 
options for treatment. Furthermore, the most promising research developments 
promising new options for the future are discussed.

Keywords Surgery · Autologous osteochondral transplantation · Bone marrow 
stimulation · Congruency · Alignment · Tissue engineering and regenerative 
medicine
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Highlights
• The treatment of osteochondral defects and osteoarthritis is complex and 

multifactorial.
• The most commonly used surgical techniques for the treatment of osteochondral 

defects include microfractures, fixation, autologous or allogeneic osteochondral 
transplantation or mosaicplasty autologous chondrocyte implantation, and 
matrix-induced autologous chondrocyte implantation. So far, no method has 
been able to consistently achieve repair of osteochondral defects similar to the 
native tissue.

• Tissue engineering and regenerative medicine strategies promise new options for 
future treatments of cartilage and osteochondral defects.
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Fact Box 1 – Epidemiology of Osteoarthritis and Osteochondral Injuries 
of the Knee and Ankle
• Osteoarthritis is the most common joint disease with worldwide preva-

lence over 241 825 million people.
• The overall prevalence of full-thickness focal chondral defects in athletes 

has been stated as 36%.
• Osteochondral defects of the knee combined with meniscus injuries 

account for 3.7% of all injuries among elite football players.
• The incidence of OA in the ankle is considerably smaller than in the knee. 

The prevalence of symptomatic primary OA in the ankle is lower than 1% 
of the population.

• Moreover, ankle OA does not seem to increase with aging.
• Osteochondral defects of the talus can occur in up to 70% of acute ankle 

sprains and fractures.

Fact Box 2 – Osteochondral Defects (OCDs) of the Knee
• The treatment of OCDs and OA of the knee is complex and multifactorial.
• Nonoperative options include chondroprotective pharmacotherapy (glu-

cosamines, chondroitin, diacerein, hyaluronic acid, platelet-rich plasma, 
and cell-based therapy), nonsteroidal anti-inflammatory medication, and 
physiotherapy.

• The most commonly used surgical techniques for the treatment of knee 
OCD lesions include microfractures, fixation, autologous (or allogenic) 
osteochondral transplantation (OATS) or mosaicplasty autologous chon-
drocyte implantation (ACI), and matrix-induced autologous chondrocyte 
implantation (MACI).

• So far, no method has been able to consistently achieve repair of OCD by 
the hyaline cartilage similar to the native.
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2.1  Introduction

Traumatic and non-traumatic etiology has been implicated in osteochondral inju-
ries, which might or might not develop to general joint degeneration [1]. Degeneration 
linked to the aging process, trauma-related injuries, and deteriorating or idiopathic 
disorders might lead to osteochondral lesions [2]. Cartilage damage has been linked 
to several etiologies including some, which remain poorly understood to date. It is 
recognized that OA has a higher incidence in aged people [3]. However, the 
prevalence of articular cartilage injuries has been reported to be higher in athletes 
when compared to the general population [4–7]. Sports practice has been increasing 
worldwide. Taking as an example football (soccer), which is the most played sport 
worldwide, there are more than 300 million people federated and many more 

Fact Box 3 – Osteochondral Defects (OCDs) of the Ankle
• Etiology of ankle OCD can either be traumatic and non-traumatic.
• Always consider association of ankle sprain or chronic ankle instability in 

the etiology of OCD.
• Fixation of a large fragment should always be attempted.
• Microfracture is still the most popular treatment.
• Similarly to that observed in the knee, no surgical treatment has proven 

superiority over any other.
• Tissue engineering and regenerative medicine approaches promise new 

options for the future.

Fact Box 4 – Tissue Engineering and Regenerative Medicine (TERM): 
Road for the Future
• The basic triad of TERM includes the combination of cells, scaffolds, and 

bioactive proteins in the healing process of any tissue.
• Orthobiologics might include conservative treatment by injection therapy 

including growth factors, hydrogels, cell-based therapy, or even combining 
gene therapy.

• Orthobiologics aim to improve symptomatic cartilage damage and also 
envision to delay the progressive joint degeneration.

• There has been a massive development on scaffolds assembling including 
nanostructure and tridimensional bioprinting.

• The road for the future seems to combine the best possible knowledge of 
all TERM variables aiming to achieve in the laboratory a tissue which can 
be matured to achieve similar features as the native and custom-made to 
the defect.

2 Emerging Concepts in Treating Cartilage, Osteochondral Defects…



30

playing without register [8]. Any high-impact contact sport, moreover at high 
competitive level, might result in damage of the knee and/or structures, including 
articular cartilage injuries [4, 5, 9]. The large variability of the OA regarding the 
etiology, histological findings between individuals and groups, and response to 
therapies demonstrates that there is still a long way for more advanced understanding 
of this condition [10].

Nevertheless, cartilage injuries are often a consequence of dynamic and repeti-
tive mechanical joint loading [11–14]. Despite the fact that cartilage is a poorly 
innervated and irrigated tissue when the damage reaches the subchondral bone, 
complaints will derive [15], including pain, swelling, catching, and locking [5, 16, 
17]. Nevertheless, articular cartilage injuries may be present in asymptomatic 
people or even athletes. There is controversial data concerning the frequency of 
knee pain referred by footballers [4]. However, patellofemoral conditions are more 
frequent in women, while in the ankle, the lesion is mostly present at the talus [18].

If a “pure” cartilage lesion is considered, the damage occurs on the chondrocytes 
and articular cartilage extracellular matrix (ECM), above the subchondral plate. 
However, in OCDs besides cartilage injury, the subchondral bone is also involved. 
Many classifications have been proposed either as global OCD assessment or 
 joint-specific scores [1]. The Outerbridge classification modified by the ICRS 
(International Cartilage Repair Society) is the one that most frequently used. In 
brief, it enrolls Grade 0, normal cartilage; Grade I, cartilage softening and swelling; 
Grade II, partial thickness defect not extending the subchondral bone (<1.5  cm 
diameter); Grade III, fissures up to the subchondral bone level (>1.5 cm diameter); 
and Grade IV, OCD with exposed subchondral bone. In some cases of non-traumatic 
etiology, usually in younger ages, in which a segment of cartilage and subchondral 
bone detaches from the underlying bone, a vascular or genetic etiology has been 
proposed, and it is referred to as osteochondritis dissecans [19]. If complete 
detachment of osteochondritis dissecans occurs, this might lead to intra-articular 
loose bodies, which further contribute to joint degeneration.

One of the major concerns related to OCDs is the secondary progression to OA 
[19]. However, it could never have been shown in the ankle joint that the natural 
history of a focal OCD is secondary OA, while most studies in the knee joint suggest 
it [1]. This might be related to different joint biomechanics. However, an injury to 
the hyaline cartilage that is related to a previous trauma is considered as a major risk 
factor for OA [20]. OA can be a restrictive and painful condition, which is most 
frequently seen in the knees, hips, ankles, and hands although it might affect any 
joint. Patients suffering from OA characteristically present pain, episodes of 
swelling, progressive deformity, and limited range of motion.

OCDs or any cartilage damage, if not adequately dealt with, may result to an 
earlier onset of joint degradation and osteoarthritis (OA) [21–23]. Symptomatic 
OCDs in any joint may lead to activity-related symptoms and require changes in 
lifestyle with permanent functional limitations [24–27]. Besides cartilage damage, 
injuries affecting the subchondral bone are frequent. However, it is still debatable 
whether these changes precede the biomechanical lesions of the hyaline cartilage or 
correspond to secondary changes.
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Conservative treatments are based on the adaptation of lifestyle, anti-inflamma-
tory or painkiller medications, supplements (e.g., glucosamine, chondroitin), and 
orthobiologics (hyaluronic acid, growth factors, cell therapies) [10, 28–32]. Surgical 
treatment ranges from arthroscopy to osteotomies, to partial or total joint replacement 
or fusion [10, 28, 29, 31]. Clinical history, physical examination, and imaging 
(standing x-rays, CT, or MRI) are mandatory for diagnosis [19, 31]. For histological 
assessment in specific cases or research purposes, it is possible to collect tissue and 
synovial fluid from joint injections of the knee or ankle without major complications 
[33]. This is particularly useful in rheumatologic conditions.

According to the current reports, OA has been affecting a significant number of 
people worldwide with a rise over time, and it represents a social and economic 
burden [34, 35]. Moreover, high-level sports involve high financial impact and 
intense social media coverage. Considering the athlete as a usually “young person” 
with a physically demanding profession, important factors such as age, level of 
completion, time into the season, and career status must be considered [4]. Therefore, 
dealing with OCDs and OA is a multifactorial social issue.

2.2  Epidemiology

OA is the most common joint disease [36]. It is not easy to define the global 
prevalence of OA, given the registered variations according to the used definition 
of OA for assessment, population characteristics (e.g., age, gender), geographic 
conditions, clinical-based or radiological-based studies, or self-reported OA [36]. 
One study reports the worldwide prevalence of clinical OA of 241 825 million 
people [34]. This number is known to be consecutively growing. The number of 
people with symptomatic OA has increased 71.9% between 1990 and 2013, and it 
is expected to keep rising in relation to the increase of life expectancy, among 
other factors [37, 38]. In Europe, the frequency of symptomatic knee OA is rang-
ing between 5.4% and 29.8% [36]. According to the Framingham study and 
Johnston County Osteoarthritis Project, in the United States, this number was 7% 
and 17%, respectively [36]. When considering only a population over 45 years 
old, the OA prevalence ranged from 19% to 28% [36]. Flanigan et al. reported 
articular cartilage injuries in a cohort of 931 athletes, involving 732 men and 199 
women, with a mean age of 33 years old [5]. The overall prevalence of full-
thickness focal chondral defects of the knee in athletes was 36% [5]. From these, 
only 40% were professional athletes. The UEFA Elite Club Injury Study Group 
(which studies health conditions of 29 elite European football clubs) in the season 
of 2015/2016 reported that cartilage/meniscus injuries accounted for 3.7% of all 
injuries [39].

The incidence of OA in the ankle is considerably smaller than in the knee. The 
prevalence of symptomatic primary OA in the ankle is lower than 1% of the 
population [40]. Moreover, it does not seem to increase with aging [40].

2 Emerging Concepts in Treating Cartilage, Osteochondral Defects…



32

Osteochondral defects of the talus can occur in up to 70% of acute ankle sprains 
and fractures [41]. The different incidences and prevalences of OA on both joints 
most probably are linked to differences in anatomy and biomechanics [10], but no 
definite conclusions explaining such differences are currently available.

Genetics or geographical influence might be suggested with an observed extreme 
variation such as the OA is present in only around 1.4% of the urban Filipinos, and 
increases among some rural Iranian communities up to 19.3% [42]. Moreover, 
gender might play a role once a high female predominance has been reported [42], 
suggesting some role of sex hormones in this condition. With such prevalence and 
the fact that there is no “cure” up to now, treatment will require continuous clinical 
care, institutional costs, medication, and surgeries, dictating high healthcare-related 
costs, besides work absence, thus representing a socioeconomic burden [43, 44]. 
The global impact on diminished economic productivity added to the reimbursement 
compensation from the impaired and sometimes the need for third-person care 
further dictates additional costs [43, 45, 46]. According to a recent systematic 
review, the social costs of OA range from 0.25% to 0.50% of a country’s gross 
domestic product (GDP) [35]. Considering all the aforementioned, this is one of the 
most relevant healthcare topics and is critical to improve our effectiveness in dealing 
with these conditions [47].

2.3  Knee Osteochondral Defects

Normal knee hyaline cartilage has optimum biomechanical characteristics adapted 
to its function and adjustment capacities to the loading stresses exerted at the joint 
[48]. Nevertheless, when these capacities are exceeded (e.g., by high-impact load-
ing), there is a decrease in the cartilage proteoglycans levels and an increase in the 
levels of degradative enzymes (e.g., metalloproteases) that ultimately lead to chon-
drocyte apoptosis [49, 50]. The consequence will be a loss of cartilage volume and 
biomechanical resistance, peak contact pressures, and ultimately cartilage defects 
[48]. Moreover, due to its scarce irrigation and innervation, it has very limited heal-
ing potential [25, 29, 51, 52]. Due to these biological and biomechanical conditions, 
cartilage repair remains a challenge in orthopedics, and so far, there is no single 
reliable method to achieve repair by hyaline cartilage similar to the native [31].

The first approach employed in the treatment OCDs is a conservative treatment 
[53]. It includes periods of rest, non-weight bearing, prevention of stiffness by an 
active joint mobilization, neuro-muscle and proprioceptive trainings, as well as use 
of medication or orthobiologics [31]. Nonoperative options include chondroprotective 
pharmacotherapy (glucosamines, chondroitin, diacerein, hyaluronic acid, platelet- 
rich plasma, and cell-based therapy), nonsteroidal anti-inflammatory medication, 
and physiotherapy [24, 54, 55]. Particularly in the knee joint, conservative treatment 
often fails, after a variable period of improvement [31, 56]. A substantial number of 
patients will require surgical management [31].
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2.4  State of the Art in the Treatment of Osteochondral 
Defects of the Knee

The treatment of OCDs and OA of the knee is complex and multifactorial [57]. The 
goal of treatment is to provide long-lasting relief of complaints and restore function 
to the maximum possible [4]. The biomechanical features of the knee joint should 
be considered as complex.

Nowadays, there are several available surgical techniques to approach a focal 
OCD.  The most commonly used surgical techniques for the treatment of these 
lesions include microfracture (Fig.  2.1), fixation, autologous osteochondral 
transplantation (OATS) or mosaicplasty autologous chondrocyte implantation 
(ACI), and matrix-induced (Fig. 2.2) autologous chondrocyte implantation (MACI) 
[4, 52, 58, 59]. More recently, matrix-induced autologous stem cell implantation 
(MASI) has been introduced given the higher mitotic rate and other biological 
features of these cells and constructs [60, 61].

Whenever possible, fixation of a large OCD with underlying bone (Fig.  2.3) 
should be attempted once it represents the most “conservative” surgical approach 

Fig. 2.1 Medial condyle grade IV osteochondral defect (A), debridement and microfractures with 
visible holes on the bone (B–D)
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given the fact that it aims to preserve the native tissue. This is achieved by lifting the 
fragment (if possible keeping some partial attachment), preparing the bony beds 
from both sides (e.g., microfracturing) and fixation with screws or arrows [31]. 
Arthroscopic debridement and lavage with bone marrow stimulation such as drilling 
[62], microfracture (promoted by Steadman) [63], abrasion arthroplasty [64], and 
chondroplasty [65] are the initial surgical strategies. The rationale supporting bone 
marrow stimulation techniques is that by perforation of the subchondral bone, we 
create channels enabling the recruitment/migration of blood with growth factors 
and bone marrow stem cells to the defect site and formation of a stable clot, which 
fills the chondral defect [66–68]. Good short-term outcomes have been reported 
with this technique [69, 70]. Concerning histology, this treatment does not provide 
hyaline cartilage restoration [71, 72]. This healing process leads to fibrocartilage 
tissue formation, which has lower biomechanical characteristics and is more likely 
to break down [63, 73]. This relevant drawback is the main reason for the failure 
[63, 73]. Deterioration of clinical outcomes at long-term has been described, with 
revision surgery needed in some cases [74, 75]. Considering this fact, enhanced 
microfractures techniques have been recently developed with promising short-term 
outcomes [76–78].

More complex and anatomic strategies have been developed such as autologous 
or allogeneic osteochondral grafting, i.e., mosaicplasty technique [79]. Mosaicplasty 
is being used since 1994 when it was first performed by L.  Hangody [80]. The 
OATS technique is used to transfer autologous (or allogeneic) bone and hyaline 
cartilage to the defect, providing a stable size-matched osteochondral autograft. For 
smaller defects, one single plug transfer to fill the defect seems to have advantages 
over several cylinders [79]. However, for larger defects, the mosaicplasty requires 

Fig. 2.2 Medial condyle unstable osteochondral defect (yellow arrow) (A), bilayered acellular 
scaffold with cartilage layer (orange arrow) and bone layer (blue arrow) (B), arthroscopy view with 
removal of the defect and preparing the receptor bone bed by means of a trephine (C), final 
arthroscopic look of the receptor zone (D), outside view of arthroscopic surgery (E), introduction 
of the acellular scaffold, (H) final aspect and palpation with a probe of the press-fit scaffold (F, G)
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the transfer of multiple small cylinders (osteochondral plugs) to the defect [66, 67]. 
Nevertheless, this technique has several limitations such as restricted graft disposal 
and donor site-related morbidity once it creates a defect elsewhere in order to trans-
fer tissue to the defect [81, 82]. Aiming to lower donor site morbidity, the upper 
tibiofemoral joint has been proposed as a potential donor site [79]. Despite its inher-
ent risks and limitations, transplantation of osteochondral allograft is a viable option 
to manage larger osteochondral injuries, including those that involve an entire com-
partment [66, 67, 83].

The ACI approach (promoted by Mats Brittberg) is a two-stage procedure which 
involves harvesting of autologous chondrocytes on a first procedure, processing 

Fig. 2.3 MRI frontal view of medial condyle unstable osteochondral defect (OCD) with edema 
around the injury on T2 (A), CT lateral view assessing the underlying bone of the defect (B), out-
side view of the arthroscopic surgery (C), and OCD fixation with headless compression screw (D)
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these in laboratory, and latterly implanting these cells in the articular cartilage 
defect aiming to achieve hyaline-like cartilage repair [66, 67, 84–86]. This proce-
dure expected to accomplish higher longevity of the healed tissue improves long-
term clinical and functional outcomes [86, 87]. The initial technique required a 
periosteal flap to cover the defect (sutured to the surrounding cartilage), and the 
cells were finally delivered under this coverage with a small needle. However, con-
sistently reproducible results favoring this technique over the others have not been 
achieved [60, 86].

As a more advanced tissue engineering and regenerative medicine (TERM) 
approach, the MACI technique is an attractive alternative which involves culturing 
the chondrocyte cells into a tridimensional porous scaffold which is matured in 
the laboratory by means of bioreactors and afterward implanted into the defect 
[66, 67]. The MACI technique is technically less demanding and reduces surgical 
time, besides avoiding periosteal harvesting [88]. The reported short-to-midterm 
outcomes show promising results of this technique in articular cartilage injuries of 
the knee joint [89–91]. However, using the same principle, stem cells combined 
with scaffolds (MASI) have been attempted in order to improve the achieved out-
come and are under development and research [60]. Some of these TERM-based 
approaches have been made commercially available or under commercial adver-
tising (Table 2.1). These new techniques aim to be potential efficient options to 
restore OCDs; however, there is still a lack of evidence-based medicine support-
ing its widespread use. In the authors’ opinion, it should be kept under strict 
research control until further conclusions can be obtained. Some of these emerg-
ing techniques include autologous matrix-induced chondrogenesis (AMIC™)  
[92, 93], bone marrow aspirate concentrate (BMAC) and mesenchymal stem cell-
induced chondrogenesis (MCIC™) [94–96], autologous collagen-induced chon-
drogenesis (ACIC™) [97, 98], minced cartilage repair (DeNovo NT and CAIS) 
[99–101], osteochondral biomimetic scaffolds (MaioRegen®) [102–105], and 
hydrogels acting alone or as carriers of cells and/or proteins (BST-CarGel®) 
[106–109].

Correction of malalignment or unloading of an affected compartment by means 
of the osteotomy (Fig.  2.4) (distal femur or proximal tibia) might favor the 
biomechanical environment around OCD or unicompartmental OA [110, 111]. 
Partial or total knee replacement by means of arthroplasty or even fusion in salvage 
procedures is considered as the last resource [38]. Prompt diagnosis and treatment 
of symptomatic OCDs have enabled better clinical outcome [86, 112, 113]. 
Moreover, several authors advise that early treatment diminishes the risk for 
additional cartilage degeneration and development of secondary knee OA [9, 14, 25, 
62, 86, 112]. Based on current knowledge, the treatment of OCDs relies on the 
defect’s size, the involvement of the entire osteochondral unit, and the time from 
injury to repair [114]. Many algorithms for treatment have been proposed [52, 
114–119].
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Table 2.1 Commercial available cartilage repair systems

Product name Main material Trials

ACI procedures

ChondroCelect®
TiGenix, Leuven, 
Belgium

10,000 cells/μl suspension 
(Dulbecco’s modified eagles 
medium)

First approved cell-based product in 
Europe

Carticel®
Genzyme Biosurgery, 
Cambridge, MA

12 million cells suspension First FDA-approved cell therapy 
product

Chondro-Gide®
Geistlich Biomaterials, 
Wolhusen, Switzerland

Collagen Improved clinical outcome associated 
to MF or as an ACI procedure

MACI®
Genzyme Biosurgery, 
Cambridge, MA

Porcine type I/III collagen Phase III trials
Improved outcome in case series in 
comparison with OAT and MF

CaReS®
Ars Arthro, Esslingen, 
Germany

Rat-tail type I collagen Improved clinical outcomes in a 
multicenter study with 116 patients/
follow-up: 30 months

NeoCart®
Histogenics Corporation, 
Waltham, MA

Bovine type I collagen
Chondrocyte culture in a 
bioreactor

Phase III trials

Hyalograft C®
Fidia Advanced 
Biopolymers, Abano 
Terme, Italy

HYAFF 11-esterified 
derivative of hyaluronate

Improved clinical results even when 
compared with MF
Improved clinical outcome in case 
series reported in 62 patients/
follow-up: 7 years

Cartipatch®
Tissue Bank of France

Agarose-alginate Phase III trials
Improved clinical outcome in case
series reported in 17 patients/
follow-up: 24 months

Bioseed C®
BioTissue
Technologies, GmbH, 
Freiburg, Germany

Copolymer of PGA, PLA, 
and PDS – fibrin glue

Phase III trial
Improved clinical outcomes in in case 
series reported in 52 patient/
follow-up: 4 years

BioCart II
ProChon BioTech Ltd., 
Ness Ziona, Israel

Fibrinogen + hyaluronan Phase II trial
Improved clinical results in case 
series reported in 31 patients/
follow-up: 17 months

DeNovo ET®
Zimmer, Warsaw, Indiana

Matrix + allogenic fetal 
chondrocytes

Phase III trial

Cartsystem Sodium hyaluronate + 
allogeneic umbilical cord 
MSCs

Phase II trial

Graft

DeNovo NT®
Zimmer, Warsaw, Indiana

Matrix + allogenic 
chondrocytes

Good clinical outcomes in few 
studies reported

CAIS®
Depuy-Mitek, Raynham 
MA

Glue + autologous 
morcelleied cartilage

Phase III trial

(continued)
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2.5  Ankle Osteochondral Defects

An osteochondral defect (OCD) of the talus is a lesion involving the talus or distal 
tibia hyaline cartilage and its subchondral bone. Several classifications have been 
used over time, but the first comes from 1959 from Berndt and Harty [120]. The 
etiology of OCDs is often a single or repeated traumatic events [121]. However, 
ankle OCDs might also be idiopathic or non-traumatic [1, 121–123]. Similar to 
what happens for the knee joint, there is no single classification system, which fully 

Product name Main material Trials

Cell-free scaffold

TruFit®
Smith & Nephew, 
Andover, MA

PLGA-calcium-sulfate 
biopolymer bilayer porous

Suspended commercialization

BST-CarGel®
Biosyntech, Quebec, 
Canada

Chitosan + glycerol 
phosphate

Phase III trial
Better outcomes than MF treatment 
in a 5-year follow-up

CaReS-1S®
Arthro-Kinetics, 
Esslingen, Germany

Rat-tail type I collagen Animal trials
Short case series in adults

MaioRegen®
Fin-Ceramica S.p.A., 
Faenza, Italy

Hydroxyapatite-collagen 3D 
tri-layers

Few studies

Reproduced with permission of Springer [60]. Copyright, 2017 Springer International Publishing AG

Table 2.1 (continued)

Fig. 2.4 Opening-wedge high tibial osteotomy of the knee (stereoscopy) (A) and calcaneal sliding 
osteotomy of the ankle (x-ray) (B)
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addresses the topic. The anatomical grid proposed by Raikin and Elias has proven 
its value by making it possible to describe the location and assist in a preoperative 
planning [124, 125].

Shearing forces might cause superficial cartilage lesions, without damage to the 
underlying subchondral plate. However, after a high-impact force or repeated 
trauma (chronic instability), the underlying bone plate can also be damaged [126]. 
Ankle trauma related to an OCD frequently progresses to the formation of 
subchondral bone cysts. These bone cysts, surrounded by nociceptors, cause 
recurrent deep ankle pain leading to functional limitation. Most OCDs of the talus 
are found on the anterolateral or posteromedial talar dome [127]. Lateral lesions are 
usually narrower and oval-shaped and usually are caused by a shear mechanism. On 
the other hand, medial lesions usually derive from torsional impaction and axial 
loading, so they are frequently deeper and more cup-shaped [1, 122]. Although an 
OCD can have an acute onset resulting from trauma, cystic degeneration is a slower 
process [128]. To date, there is still not a complete understanding of the etiology or 
the different clinical presentation and response to treatment of ankle OCDs, despite 
some valid theoretical explanations [1]. While some OCDs remain asymptomatic, 
others present fast degradation with cyst formation and bone edema [128]. If we 
could predict or understand the pathogenesis of such differences, we would most 
likely be more efficient in dealing with this condition. The clinical presentation of a 
symptomatic OCD is usually deep ankle pain aggravated by effort with recurrent 
swelling after activity [128].

Some type of trauma is frequently accepted as the principal etiologic factor of an 
OCD of the talus. Trauma has been implicated in 93–98% of lateral talar defects and 
61–70% of medial OCDs [129]. Etiologic factors of an OCD can be traumatic or 
non-traumatic [1]. Other etiologic possibilities include vascular issues and genetics 
[122]. Furthermore, OCDs have been found in identical twins and siblings [130] in 
support of the previous. Moreover, ankle OCDs are bilateral in 10% of patients 
[131]. Traumatic cartilage lesions of the ankle can be divided as microdamage or 
blunt trauma, chondral fractures (sparing the underlying bone), and osteochondral 
fractures [132].

Ankle sprains or chronic ankle instability is an important cause of traumatic 
ankle OCDs [133]. This seems to be the most frequent cause of these conditions. 
When the talus is inverted between the tibial plafond, medial and lateral malleoli 
linked by syndesmotic ligaments (the ankle mortice), the cartilage of the talus can 
be crushed/fractured (causing a loose body) and cause a cartilage crack or delami-
nation, or an underlying bone bruise. Shearing forces might cause separation in the 
superficial layer of the cartilage [1]. OCDs might remain stable or become unstable 
which aggravates progression to further joint damage [1]. In testing conditions, it 
has been possible to reproduce lateral ankle OCD defects by intensely inverting a 
dorsiflexed ankle (while the foot is inverted, the lateral border of the talar dome is 
smashed against the fibula while the lateral ligament is ruptured). During applica-
tion of excessive inverting force, the talus rotated laterally in the frontal plane within 
the mortise thus impacting and compressing the lateral talar margin against the 
articular surface of the fibula. This mechanism leads to a lateral talar OCD. A medial 
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lesion was reproduced by plantarflexing the ankle while applying slight anterior 
displacement of the talus on the tibia, inversion and internal rotation of the talus on 
the tibia [1, 120]. Considering the previous one can assume that the treatment of 
ankle OCD without management of chronic ankle instability is extremely difficult 
and prone to failure. For this reason, one major advance in the treatment of ankle 
OCDs has been the concomitant arthroscopic approach of cartilage defects and lat-
eral ligament’s repair [134].

2.6  State of the Art in the Treatment of Osteochondral 
Defects of the Ankle

Asymptomatic incidental findings of the ankle are not infrequent, including within 
athletic population [135]. As aforementioned, ankle OCDs are frequently secondary 
to trauma, usually a consequence of ankle sprains during sports or chronic ankle 
instability. The available treatment options are basically similar to those on the 
knee. Asymptomatic OCDs can be dealt conservatively: physiotherapy, medication, 
orthobiologics, periods of rest, or immobilization (e.g., orthoses or walker boot) 
[121, 127]. However, we advise for surveillance of such injuries. Presently, there is 
no evidence-based or consensus in the literature concerning the superiority of any 
surgical treatment over another either in primary or secondary ankle OCDs [127, 
136]. The final therapeutic decision relies on the patient profile and expectations as 
well as some characteristics of the lesion.

Preoperative planning is critical and should always include weight-bearing 
x-rays for alignment evaluation and global joint assessment. MRI can overestimate 
the size of the OCD by the presence of bone edema (usually reflects local biological 
activity, mostly visible in T2 sequences) surrounding the injury. The CT provides a 
more reliable assessment of bony defect size and volume. Additionally, CT on 
lateral view in plantar flexion or dorsiflexion is helpful to decide for the most 
advantageous anterior or posterior arthroscopic approach in a given case or even if 
an open approach is required (medial malleolar osteotomy for medial defects or 
lateral ligament detachment and afterward reinsertion for lateral defects). The 
arthroscopic approach is currently the preferred and most frequently used for both 
anterior and posterior compartments [137]. The authors advise for not using fixed 
distraction once this lowers the percentage of complications [138]. Moreover, as 
aforementioned, arthroscopy enables simultaneous treatment of concomitant patho-
logies (including instability) whenever required. Excision, curettage, and bone mar-
row stimulation techniques (ECBMS  – excision of OCD fragment, curettage of 
subchondral bone with drilling or microfractures) aim to achieve fibrocartilaginous 
tissue formation which is still the less invasive surgical approach [136]. Satisfactory 
results with minimal aggression can be obtained depending on the patient profile 
and injury characteristics, and ECBMS can also be considered in bigger lesions 
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unable for fixation or even secondary injuries. ECBMS is considered in most cases 
given the outcome possibilities and lower aggression and cost. A lower percentage 
of good/excellent results is to be expected in larger lesions and revision surgery [136].

Preserving the native tissue by the “lift, drill, fill, and fix” surgery should be 
preferred whenever possible since it provides the preservation of the most of native 
tissue [139]. Lift the defect, drill by making microfracture or bone marrow 
stimulation, fill the defect with bone graft, and fix the fragment with metallic or 
bioabsorbable screws or pins (Fig. 2.5). This can be done fully arthroscopically in 
some cases or require open surgery on others. Retrograde drilling (Fig.  2.6) to 
decompress secondary cystic lesions linked to an OCD, and sometimes filling with 
bone graft, is a valid option for large cystic lesions [127]. OATS has some possible 
indications, but the high chance of complications must be acknowledged [82].

The osteochondral autologous transplantation surgery (OATS) technically 
(Fig. 2.7) is very similar to what is done in the knee joint. However, for most ankle 
lesions, it will require harvesting osteochondral cylinders from the knee to fill an 

Fig. 2.5 Talar osteochondral defect with surrounding cystic lesions on CT (A), lifting of the defect 
on open surgery leaving partial attachment (B), filling of the defect with bone autograft after drill-
ing (C), fixation of fragment with compression screw (D), and final x-ray look (E)
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Fig. 2.6 Distal osteochondral defect (OCD) of medial malleolus – MRI view (A), CT view of the 
OCD with a small opening enabling fluid to get into the cyst (red arrow) (B), arthroscopic view of 
the cartilage small opening enabling fluid to get into the cyst (C), use of MicroVector guide for 
retrograde drilling to reach the defect under radioscopy control (D), outside view of the guide and 
drilling of a bone tunnel during arthroscopy (E), the arthroscope is introduced into the bone tunnel 
(osteoscopy) together with instruments for curettage of the cyst (F), inside view of the cyst from 
the arthroscope (G), bone autograft harvesting from distal tibia (H), the bone autograft is impacted 
into the defect (I), and two compression screws are included for extra support and compression to 
enhance healing (J, K)



43

ankle defect. Although the promoters state high rate of a successful outcome, a 
 systematic review has shown that this technique has a considerable amount of com-
plications [82]. This must be considered by doctors and patients.

Tissue engineering and regenerative medicine (TERM) approaches promise a 
better and broader option for the future. However, similarly to what has been 
observed in the knee, cell-based therapies, scaffolds, and augmentation with 
hydrogels, despite very promising, so far, have not been able to provide consistently 
better results. Considering the former, and their higher cost, they are valid options 
for revision surgeries or large injuries without possibility for fixation and not 
amenable by any of the previous techniques, and as an approach to primary ankle 
OCD, we advise to keep this technology under research and controlled conditions 
before its extensive advertising [108, 109, 140–154]. When all biology-based 
surgical treatments fail, partial medial talar dome replacement by a metallic implant 
(Hemicap®) (Fig. 2.8) has provided positive midterm results [155]. Biomechanics 
remains a pillar of orthopedics. So improving the load distribution and joint 

Fig. 2.7 After harvested, the osteochondral autograft is removed from the trephine used to collect 
it (A), aspect of the harvested autograft including fresh hyaline cartilage, subchondral bone and 
cancellous bone (B), arthroscopic view of a cylinder in place at 1-year follow-up (C)

Fig. 2.8 Surgical view of the Hemicap® implant (A) and x-ray view of the implanted Hemicap® (B)
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 alignment by means of osteotomy has proven positive effects either isolated or in 
combination with other procedures [28, 156]. The goal is to unload the most affected 
part while distributing forces to the most preserved part of the joint. Ankle fusion or 
ankle arthroplasty represents the last resource when dealing with very symptomatic 
OCDs or ankle OA [28].

2.7  Joint Anatomy, Congruency, Alignment, 
and Osteochondral Lesions

There are important anatomic and biomechanical differences between the knee and 
ankle joints, which might help to enlighten some aspects related to pathophysiology 
and treatment. Opposing to the ankle, the knee joint has two menisci which function 
as fibrocartilaginous dampers (dispersers of load), which assist in compensation on 
the basic incongruence of the knee joint. Menisci help to adjust the incongruity 
between the tibial plateau and the femoral condyles. Moreover, they increase the 
articulating joint surfaces, consequently reducing the load on the entire joint surface.

Another aspect is that the cartilage thickness is quite different among them. The 
common cartilage thickness of the talus is 1–1.7 mm, while in the knee joint, it 
ranges from 1 to 6 mm, depending on the location [157]. Moreover, the mechanical 
properties including stiffness of the talar cartilage are much more constant in the 
main loading area, while in the knee joint, the cartilage’s properties are much more 
heterogeneous [158].

At higher loads, the ankle becomes a fully congruent joint [158]. The ankle has 
a smaller contact area than the knee in loading conditions. The contact area in the 
ankle at 500 N axial load is 350 mm [159–161] compared to 1120 mm2 in the knee 
[162]. Therefore, it might be concluded that the total load and the load peaks in the 
ankle are higher than in the knee due to the smaller contact areas and the lack of 
damping structures. The constant hydrostatic pressure within a congruent joint like 
the ankle causes a permanent fluid pressure toward the subchondral plate. When the 
cartilage envelope of the joint is interrupted due to cartilage lesion, hydrostatic 
pressure might lead to secondary osteolysis and cyst formation (Fig. 2.9) [1].

The anatomical features, as well as the biomechanical differences alone, fail to 
explain the higher frequency of OA of the knee. Among the factors that lead to the 
onset and progression of OA, traumatic injuries of joint structures, as they occur in 
intra-articular fractures, have a critical role. A traumatic injury to the articular 
surface results in an immediate loss of biological features and biomechanical 
function [1]. A biochemical damage also occurs after trauma with loss of matrix 
components which might influence the risk of OA [163]. Sprains of the knee and 
ankle joints are among the most common injuries in sports. This can cause ligament 
injuries, meniscus tears (in the knee), and cartilage and bone lesions with varying 
degrees of severity which might be implicated in cartilage damage and OA risk.

Osteotomy is a surgery in which the bones are cut and their alignment changed 
with subsequent biomechanical implications in all joints. Osteotomy around the knee 
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alters the alignment of the knee. Weight bearing will be shifted from the affected 
segment to a healthier part of the knee. By “unloading” the damaged cartilage, oste-
otomy may decrease pain, improve function, slow the joint degeneration, and possi-
bly avoid or delay the need for (partial or) total knee replacement surgery [111].

Despite some methodological limitations on the available literature, it has been 
shown that valgus high tibial osteotomy reduces pain and improves function in 
patients with medial compartmental osteoarthritis of the knee [111]. So far, the 
results do not justify a conclusion on the benefit of any specific high tibial osteot-
omy technique for knee osteoarthritis over another [111].

Corrective ankle osteotomies enroll periarticular osteotomies of either the fibula, 
distal tibial metaphysis, or distal tibial metaphyseal-diaphyseal junction. 
Osteotomies are indicated under the presence of angular, rotational, or translational 
malalign ment [164, 165]. Various types of realignment surgery are employed to 
preserve the ankle joint in cases of intermediate ankle arthritis with a partial joint 
space narrowing. Promising results considering pain, function, and imaging have 
been reported [165]. In conclusion, improvement of biomechanical environment 
might be helpful alone or in combination with any other “biological” treatment in 
either knee or ankle joints.

After loading

During loading

Before loading

Incongruent joint
(Knee joint)

Congruent joint
(Ankle joint)

Cartilage Subchondral
bone plate

Bone
marrow

Fig. 2.9 Schematic 
comparison of the 
deformation of the 
cartilage in a congruent 
(ankle) and incongruent 
(knee) joint before, during, 
and after loading. Arrows = 
direction of water. 
(Reproduced from van 
Dijk et al. [1])
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2.8  Current and Future Perspectives

2.8.1  Injections and Other Therapies with Growth Factors 
and/or Stem Cells

The orthobiologics approach, including anabolic proteins (growth factors (GFs)) 
[148, 166–168] and mesenchymal stem cells (MSCs) [144, 154, 167, 169–175] with 
or without hydrogels (e.g., hyaluronic acid, collagen, chitosan-based) [140, 150, 
176–181], represents a step forward on conservative or minimally invasive therapy 
of both OCDs and OA.

The capacity for tissue repair is influenced by GFs, which have functions like 
chemotaxis, cell differentiation, proliferation, and cellular responses, which may 
potentially improve tissue healing (including the cartilage and bone). Therefore, the 
use of autologous and recombinant GFs is evolving in several fields of orthopedics. 
However, we need to fine-tune this technology in order to have adequate GFs acting 
in each tissue in proper time. As an example, platelet-rich plasma (PRP), a source of 
a cocktail of several autologous GFs, cannot be all things to all tissues. PRP is 
obtained from patient’s own blood (autologous), and GFs from alpha granules of 
platelets become available after the platelet activation procedure. The next step will 
be to customize PRP for specific indications, an innovative and potentially rewarding 
concept [182]. The goal is to manipulate GFs and secretory proteins aiming for both 
cartilage and bone repair at the same time for an OCD. Many questions remain to be 
answered, including therapy timing (when to start therapy, how many applications, 
and for how long); which type of preparation, volume, or dose; and frequency of 
treatment [182–184]. It is difficult to compare clinical outcome PRP since there are 
many different methods for preparation that provide different products, for instance, 
regarding the GF and leukocyte concentration [168, 185].

The most widely used GFs are bone morphogenetic proteins (BMPs) and PRP 
[145, 167, 172]. GFs can also be genetically modified to improve its function or 
even use gene therapy to increase expression of a specific GF if needed for tissue 
healing [145, 186]. Another promising field is the use of stem cell-based therapies. 
Mesenchymal stem cells (MSCs) have differentiation competence for mesodermal 
lineages [187]. The modulation of adult MSC pathways can lead to chondro-, osteo-, 
and adipogenesis (chondrocytes, osteoblasts, and adipocytes, respectively) [188, 
189]. The therapeutic possibilities of their use are extraordinary.

MSCs can be isolated from different tissues such as the bone marrow, skin, fat, 
synovia, and muscles, or from aspirates such as the bone marrow, adipose-derived 
[95, 169, 190–192]. MSCs allow its transplantation without provoking an immune 
response [193]. Depending on its source, MSCs show different performances. Bone 
marrow stem cells are still the most studied ones [194]. Bone marrow aspirates from 
the iliac crest have been used to treat chondral lesions and OCDs [195–198]. After 
harvesting by means of aspiration, MSCs might either be submitted to laboratory 
expansion within 2–3 weeks for subsequent use or the aspirate itself after 
concentration (centrifugation) can be immediately implanted. Moreover, in 
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advanced TERM strategies, they might be combined with GFs, platelet-rich fibrin 
gel [95, 197, 199–201], fibrin glue [196] collagen gel [195, 196, 199, 200, 202] or 
collagen [95, 195, 196, 203] and HA [197, 199, 200, 202] scaffolds, among others 
[60, 204].

MSC-based treatment of focal chondral lesions and OCDs has shown promising 
clinical outcome in both the knee [95, 196, 197, 203, 205–208] and ankle [199, 200, 
202] joints. Some reports of hyaline cartilage repair have been recently presented 
[209]. Moreover, a cryopreserved form of human amniotic membrane and umbilical 
cord (hAMUC) fetal tissues has been proposed for osteochondral injuries. These 
tissues have unique proteins and growth factors in the extracellular matrix and have 
shown to modulate inflammation, reducing adhesion and scar formation while 
encouraging regenerative healing [210]. Despite the very limited clinical experience, 
this possibility is under commercial promotion already (Amniox®). Hydrogels 
function by their own properties (rheological, anti-inflammatory, lubrication), but 
they may also function in combination of GS and/or MSCs as well as promising 
scaffolds which might also enable control of neovascularization process (of 
particular relevance concerning hyaline cartilage) [150, 177–181]

2.8.2  Tissue Engineering and Regenerative Medicine 
Approaches

The combination of the TERM triad (cells, scaffolds, and GFs) despite remaining a 
challenge is still the main goal in any tissue repair [209, 211–214]. Moreover, the 
possibility of one-step procedures for full OCD repair remains a major goal to fasten 
recovery process and avoid comorbidity and costs. Such approach has been 
attempted with some success [195, 199, 215, 216]. Giannini et al. [199] combined 
BMC and PRP gel with HA membrane or collagen powder to treat talar OCDs with 
positive short-term results. Moreover, histological biopsies have shown hyaline-like 
cartilage [199, 216].

The use of multilayered scaffolds facilitates the regeneration of the native tissue 
with hyaline cartilage and subchondral bone [103, 153, 204, 209, 217–221]. 
However, in respect for biology and the complex chain of events leading to tissue 
repair, enhancing scaffolds with cells and/or growth factors seems theoretically 
more promising in any tissue as suggested by clinical and basic science research 
[214, 221, 222]. The final goal of TERM [211, 223] is to develop an effective 
scaffold that is seeded with suitable cells and growth factors and matured in the 
laboratory with the use of bioreactors, and accomplishing a tissue that would be 
suitable for clinical implantation with similar characteristics to the native one.

Nanotechnology seems a promising field once we can use nanoparticles to 
deliver proteins and/or cells in different layers of a given scaffold aiming to influence 
the healing of different tissues according to its needs [217, 224, 225]. Moreover, it 
enables to label stem cells and influences their behavior in the biologic environment 
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[226]. Similarly, this can be used for bioactive proteins [227–229]. Besides, some 
authors suggest that nanoscale fibrous scaffold architecture is crucial in promoting 
and maintaining chondrogenic differentiation [230].

A multilayered collagen-based scaffold has been developed including the use of 
hydroxyapatite nanoparticles, which might enhance bone integration [103]. Another 
silk-based nanofibrous and nanocomposite bilayer scaffold used calcium-phosphate 
nanoparticles [217]. Some authors proposed bilayer scaffolds including micro-
spheres with TGF-β for chondrogenic differentiation and BMP-2 for osteogenic dif-
ferentiation [231], and several other improvements are under development [232]. 
Moreover, the combination of specific hydrogels or even gene therapy [233] can 
further enhance this process for future clinical use [153, 179, 234]. Another very 
promising possibility for TERM approaches is the possibility for three-dimensional 
(3D) bioprinting techniques which enable to fabricate injury-specific implants  
[235–238]. This is particularly helpful in the geometrically difficult parts of joints. 
3D bioprinting can be used to produce custom-made, regenerative constructs for 
 tissue repair [237]. 3D bioprinting techniques permit incorporation of cells and bio-
active molecules during the fabrication process in order to create biologically active 
implants [237]. The outer shape of the construct can be made accordingly to the 
patient’s defect based on CT and/or MRI images of the lesion. Moreover, it enables 
to achieve more complex zonally organized osteochondral constructs by printing 
with multiple bio-inks [237]. A large number of possibilities exist including hybrid 
printing such as thermoplastic polymers and hydrogels or incorporation of electros-
pun meshes in hydrogels, nanoparticles with cells, and/or bioactive molecules to 
optimize biomechanical and biological capacities of the construct [237].

2.9  Final Remarks

Cartilage or osteochondral defects are very frequent injuries affecting millions of 
people worldwide. Development of osteoarthritis (OA) is a relevant socioeconomic 
burden, which requires more effective possibilities for treatment. OA is more 
frequent in the knee than in the ankle. Most ankle OCDs are linked with the 
consequence of traumatic events and ankle sprains (which is one of the most 
frequent injuries in sports). The knee and ankle have different biological and 
biomechanical features, which help to understand some differences in 
physiopathology and response to treatment. However, a lot of further research is 
required in this setting. Conservative treatment remains the first option in treatment 
in most OCDs or OA. In this field, the development of orthobiologics (injectable 
hydrogels, growth factors, cell-based therapies, and so forth) has provided new 
options for some patients. Concerning surgical treatment, technical developments 
have been improving the outcome of classical approaches such as bone marrow 
stimulation techniques. Autologous osteochondral transplantation, despite 
remaining a valid option, has been linked with the significant amount of 
complications, which must be acknowledged. The first generation of autologous 
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chondrocyte transplantation has not achieved the expected results. The use of 
acellular scaffolds has been under intense research and development. The 
combination and use of cells, growth factors, and cells in advanced TERM 
approaches promise to improve future outcome. Joint realignment by means of 
osteotomies is also a valid surgical tool, both in the knee and the ankle. Joint 
replacement offers many different possibilities including partial replacement. 
Results of different techniques are not the same in the knee and the ankle, which 
seem to be multifactorial. The road for the future will upraise most probably from 
TERM approaches including gene therapy, nanotechnology, and custom-made 
implants.
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Chapter 3   
Osteoarthritis: Trauma vs Disease             

Gema Jiménez, Jesús Cobo-Molinos, Cristina Antich, and Elena López-Ruiz

Abstract Osteoarthritis (OA) is the most prevalent joint disease characterized by 
pain and degenerative lesions of the cartilage, subchondral bone, and other joint tis-
sues. The causes of OA remain incompletely understood. Over the years, it has 
become recognized that OA is a multifactorial disease. In particular, aging and 
trauma are the main risk factors identified for the development of OA; however, 
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other factors such as genetic predisposition, obesity, inflammation, gender and hor-
mones, or metabolic syndrome contribute to OA development and lead to a more 
severe outcome. While this disease mainly affects people older than 60 years, OA 
developed after joint trauma affects all range ages and has a particular impact on 
young individuals and people who have highest levels of physical activity such as 
athletes. Traumatic injury to the joint often results in joint instability or intra- 
articular fractures which lead to posttraumatic osteoarthritis (PTOA). In response to 
injury, several molecular mechanisms are activated, increasing the production and 
activation of different factors that contribute to the progression of OA.

In this chapter, we have focused on the interactions and contribution of the mul-
tiple factors involved in joint destruction and progression of OA. In addition, we 
overview the main changes and molecular mechanisms related to OA pathogenesis.

Keywords Osteoarthritis · Posttraumatic osteoarthritis · Risk factors · Joint 
trauma

Highlights
• OA is a multifactorial disorder and is associated with pathological changes in all 

joint tissues; thus, OA is considered a whole-joint disease.
• Factors that contribute to the development of OA include joint injury, obesity, 

aging, inflammation, genetic predisposition, gender and hormones, or metabolic 
syndrome. Among these factors, collective evidence indicates that aging and 
trauma are pivotal factors that mark OA progression.

• Comprehensive understanding of the molecular networks regulating articular 
cartilage homeostasis and OA pathogenesis is needed for the development of 
novel treatments for preventing cartilage damage and promoting repair.

3.1  Introduction

Osteoarthritis (OA) is the most prevalent joint disease characterized by pain and 
degenerative lesions in the cartilage and in the tissues within and surrounding the 
joint involved. OA has a high prevalence in the population, and it is accompanied by 
significant morbidity and physical disability [67]. It has been estimated that 
approximately 25% of the population over 18 years old is affected [22]. So far, it is 
also predicted that 35% of people will eventually suffer disability due to OA by 
2030, and this number is expected to further expand [110]. Owing to the high 
incidence of this disease among population, required therapies have a substantial 
public health impact [87].

Any joint in the body can suffer from OA, but major joints such as the knee and 
hip are most commonly affected. Current OA therapies include pain management 
and surgical intervention for end-stage OA patients, but there are no effective 
therapies which can effectively prevent or reverse the progression of the disease. 
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Despite OA has received a lot of attention in clinical research, more studies are 
needed to increase our understanding of the molecular mechanism, and the etiology 
of this complex disease, only then the development of effective treatments will be 
much closer.

OA is characterized by degenerative lesions of the cartilage, but also other tis-
sues of the joint are involved in the complex initiation and progression of the dis-
ease; thus, progression of OA also involves subchondral bone remodeling, the 
formation of osteophytes, the development of bone marrow lesions, and changes in 
the synovium, joint capsule, and ligaments (Fig. 3.1) [131].

Although OA ultimately ends to a common phenotype consisting of chronic 
pain, joint instability, stiffness, and loss of function, it results from a number of 
different etiologies. Among the multiple factors that contribute to the development 
and progression of OA are joint injury, obesity, aging, inflammation, and genetic 
risk factors [77]. Moreover, OA risk increases with the presence of other factors 
including gender and hormones or metabolic syndrome.

While most of the OA is idiopathic and mainly affects people older than 60 years, 
the risk of OA following a significant joint trauma is especially prevalent in patients 
at younger age and highly active individuals [6, 58]. Traumatic injury to the joint 
often leads to joint instability or intra-articular fractures which in the long term end 
in OA.  The OA which is initiated after a joint injury is called posttraumatic 

Fig. 3.1 Progression of osteoarthritis. On the left, cross section of the normal articular joint illus-
trates the main structural elements including the articular cartilage covering the surface of the 
subchondral bones and enclosed in a connective tissue capsule lined by a synovial membrane. On 
the right, cross section of the OA articular joint showing advanced osteoarthritic changes 
characterized by subchondral bone remodeling, subchondral cysts, the formation of osteophytes, 
cartilage hypertrophy, fissuring and fragmentation of the articular cartilage, inflammation of the 
synovial membrane, and joint thickening
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osteoarthritis (PTOA) [81]. It is estimated that approximately 12% of all OA is a 
result of an injury insult, such as an articular fracture, chondral injury, or a ligament 
or meniscal injury [17].

Although joint trauma affects the entire joint to some degree, damage to articular 
cartilage is commonly the most relevant pathologic feature and primary change 
after joint injury and prior to joint dysfunction [16, 66]. Damage to articular cartilage 
leads to an imbalance of articular cartilage homeostasis which leads to the 
appearance of a sequence of biologic events. The chondrocytes produce and 
maintain the physical function of cartilage by synthesizing and degrading matrix 
components. In response to environmental changes, such as mechanical stress or 
inflammatory stimuli, the stable phenotype of the chondrocytes shift toward a 
catabolic phenotype increasing the production and activation of different factors 
that actively participate in the degeneration process [123].

In this chapter, we discuss the multiple factors involved in joint destruction, 
development, and progression of OA with special interest in the impact of trauma 
injury on OA. In addition, the identification of the molecular mechanisms related to 
OA pathogenesis and main changes in composition and structure of joint tissues 
involved are discussed.

3.2  Changes During Osteoarthritis Progress

Articular cartilage is a unique tissue composed of chondrocytes (the only cell 
present in cartilage) embedded in a highly hydrated extracellular matrix of colla-
gen fibers and proteoglycans together with other non-collagenous proteins and 
glycoproteins present in lesser amounts [104]. Under normal conditions, chondro-
cytes are resting in a nonstressed steady state with low turnover conditions. In 
response to environmental changes such as changes in biomechanical forces, 
growth factors, or cytokines, chondrocytes increase its metabolic activities, and 
the molecular composition and organization of the extracellular matrix are altered. 
Factors such as age, obesity, genetic predisposition, joint instability, repetitive 
stress injury, or inflammation are known to disrupt the articular chondrocyte 
homeostasis [77].

Loss of cartilage function and quality can occur due to trauma resulting in focal 
or diffuse loss of cartilage or as a consequence of aging cartilage involved in the 
osteoarthritic process [66]. The precise molecular mechanisms of OA initiation and 
progression are poorly understood. However, there has been an increasing literature 
describing multiple growth factors and cytokines involved in the destruction of 
articular cartilage and subchondral bone [65]. Once the microenvironment changes, 
the alteration in the normal physiologic balance of cartilage tissue leads to abnor-
mal function of chondrocytes. At early changes in cartilage tissue, chondrocytes 
initiate the release of oxygen free radicals which contribute to initiate progressive 
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tissue damage [97]. Several studies have also reported the release of fibronectin 
fragments that induce cell damage and matrix degradation [50]. A large number of 
proteins and genes show altered expression in OA cartilage compared with that in 
cartilage from individuals without OA. For example, transforming growth factor-β 
(TGFβ) has been shown to be involved in OA progression. While it is known that 
TGFβ is expressed at low levels in mature cartilage, the expression TGFβ and sig-
naling have been seen upregulated in OA [124]. Moreover, OA chondrocytes 
increase the expression of hypertrophic markers such as Runx2 and ColX [89]. 
Inflammatory mediators released from the synovium can also contribute to the car-
tilage pathology in OA [89]. Therefore, the immediate release of inflammatory 
cytokines such as tumor necrosis factor alpha (TNF-α), interleukin (IL)-6, and IL-1 
from the synovium or from the traumatized chondrocytes themselves induces a 
positive feedback loop [65]. This disturbed balance also induces chondrocytes to 
produce matrix metalloproteinases (MMPs), aggrecanases, and other proteases, 
which lead to increased cartilage matrix degradation [131].The pivotal proteinase 
that marks OA progression is MMP-13, the major type II collagen-degrading col-
lagenase, which is regulated by both stress and inflammatory signals [43]. In vivo 
studies showed that joint injuries increase the levels of metalloproteinases in syno-
vial fluid [88]. Other catabolic enzymes such as ADAMTS5 and MMP-8 are impli-
cated in the degradation of articular cartilage structure by cleaving the aggrecan and 
collagen II matrix [39].

The release of these degradative enzymes and other collagenases in joints leads 
to proteoglycan and collagen network breakdown which degrade the structure of 
articular cartilage and result in functional abnormality of chondrocytes. 
Consequently, chondrocytes will undergo apoptosis, and cartilage will eventually be 
completely lost. Numerous studies provide evidence that chondrocyte death by 
apoptosis is associated with the initiation and severity of articular cartilage 
degradation [109]. Following degradation and metabolic changes in joint tissues, 
the disease slowly progresses through a long clinically asymptomatic latency period 
to a symptomatic phase with joint pain and dysfunction. Advanced OA degeneration 
is associated with increased damage to cartilage and loss of type II collagen. Loss 
of cartilage causes friction between bones. The progressive damage of bones will 
cause pain and limited joint mobility. Bone remodeling and loss/degeneration of 
cartilage are considered central features of OA [39]. Indeed, subchondral bone has 
received increasing attention in OA progression, and several studies evidence that 
abnormalities in subchondral bone can induce joint pain and cartilage degeneration. 
Moreover, changes in subchondral bone could be observed even preceding cartilage 
lesions, and clear evidence of an association between subchondral bone mineral 
density and OA have been described [41]. However, the pathological changes and 
the role of subchondral bone in OA still require further investigation. Other 
pathological changes seen in advanced OA include degeneration of ligaments and 
menisci of the knee and hypertrophy of the joint capsule [24].
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3.3  Factors that Contribute to the Development of OA

3.3.1  Joint Trauma

Patients with OA due to a joint trauma normally have a well-defined damage to the 
structures of the articular joint. When we talk about joint trauma, we refer mainly to 
those lesions that affect the articular cartilage and/or the associated subchondral 
bone. Numerous studies have demonstrated that joint trauma is one of the main risk 
factors for the development of OA. It has been demonstrated that articular fracture 
is associated with a loss of chondrocyte viability and increased levels of systemic 
biomarkers [62]. Studies have indicated that focal loss of chondrocyte viability is an 
initiating pathway for development of PTOA [80]. Moreover, increased intra- 
articular trauma severity is associated with increased acute joint trauma in a variety 
of joint tissues, including synovial and bone [6]. Following joint trauma, the acute 
symptoms include swelling of the affected joint area due to the rupture of the vessels 
adjacent to the joint that causes hemorrhage in the interstitial space and, consequently, 
the formation of a hematoma. If the injury also affects the subchondral bone, the 
bone marrow will be probably involved. An early consequence after the initial injury 
is chondrocyte death. In addition, certain enzymes are released causing an 
inflammatory reaction in the affected area and an accumulation of fluids out of the 
vessels, which result in an increased volume of the knee joint and edema [4]. Hence, 
acute impact joint injuries initiate a sequence of biologic events that cause the 
progressive joint degeneration and can lead to the development of OA [6].

The main sign of OA due to joint trauma is the pain which is predominantly 
related to an unfavorable biomechanical environment at the joint. Diagnosis varies 
according to the intensity of the trauma and the presence of soft tissue injuries or 
bone injures. In addition to pain, within the anamnesis, it is important to evaluate 
signs of inflammation that can be observed in the joint. The right diagnosis and 
early treatment can slow and prevent further joint damage. The nontreatment or 
wrong treatment may lead to joint deterioration, poor function, and compromised 
mobility [63]. For the diagnosis of joint trauma, it is also important to perform 
imaging tests such as radiography. However, radiography is very limited as it only 
gives indirect information of the cartilage through the image of the subchondral 
bone. If another imaging test is needed, computed tomography (CT) is recommended 
in order to study any possible loss of osteochondral fragments [13].

Acute injuries are common in young, active, and athletic individuals, but diag-
nosing OA in these populations has become a challenge due to their higher toler-
ance for pain [5]. In both professional athletes and sports fans, the most frequent 
cause of OA is joint overload, excessive training, or the use of incorrect techniques 
that cause damage to the joints. The joints that are most frequently affected are the 
hip and the knee as they are the ones that carry the greatest weight during the 
performance of the workouts; however, we should not rule out also injuries to the 
elbow or foot [8]. It is important to take into account that physical activity cannot be 
forced and that it is necessary to avoid overloads in the same area of the body.
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Typically, the most common injuries that cause PTOA include chondral and 
osteochondral lesions, articular fracture, ligamentous lesions, or fibrocartilage 
lesions, among others.

3.3.1.1  Joint Injuries that Cause PTOA

Chondral and Osteochondral Lesions

The hyaline cartilage is supported by the subchondral bone. In this way, we must 
differentiate two types of acute lesions, hyaline cartilage lesions and lesions 
produced in subchondral bone [14]. However, loss of hyaline cartilage usually 
appears in subchondral bone lesions. The extension of the lesion depends on the 
intensity of the trauma and the affected structures. When a relevant injury without 
fracture occurs, there is an overload of the subchondral bone tissue, which causes a 
progressive wear of the joint [63]. Chondral injuries include abrasion, laceration 
(cut), or fracture. Because cartilage is an avascular and aneural tissue, the articular 
cartilage has a poor intrinsic healing capacity. After a chondral injury, cartilage is 
incapable of directly generating pain. Depending on the size and location of the 
chondral injury, evolution can lead to further degeneration and a great loss of 
cartilage surface [63].

On the other hand, when an injury to the subchondral bone occurs, the joint is 
filled with blood arising from the bone marrow leading to an inflammatory process. 
Consequently, a reparative reaction will occur due to the exposure of the joint to 
blood and marrow contents, and matrix will be repaired; however, a fibrocartilage 
tissue without the same characteristics as original articular cartilage and with 
reduced mechanical properties will be formed [63].

Articular Fracture

Articular fracture is a very common injury due to the high percentage of injuries 
caused during minor accidents. In vivo models have demonstrated that articular 
fracture includes physical disruption of the articular surface and underlying sub-
chondral bone with varying degrees of severity depending on the intensity of the 
impact. Clinically, more complex intra-articular fractures are associated with 
patients with higher severity of trauma and subsequent degeneration of the articu-
lar cartilage; moreover, these injuries are closely linked with worse outcomes for 
the patients [17]. Articular fracture treatment includes restoration of the articular 
surface, correction of axial and rotational alignment of the injured limb, and 
 surgical fixation for stabilization to allow early range of motion of the injured 
joint [80].
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Ligamentous Lesions

Ligaments are important structures to maintain the stability of the articulation but 
are at risk to be injured in traumatic injuries. Knee ligamentous injuries increased 
injury to the patient, especially if they are unrecognized and untreated, and can lead 
to significant morbidity. Common diagnostic procedure to find out and confirm 
capsule-ligamentous lesions includes arthroscopy of the knee which is preferred 
compared with magnetic resonance (MR) imaging due to its ability to probe, 
distinguish fragile tissue from normal, and perform additional surgical procedures 
like removal of loose bodies [14]. Most common ligamentous injuries typically 
include the anterior cruciate ligament (ACL) and medial collateral ligament (MCL) 
[99]. Patients with these lesions and/or without a concomitant meniscus injury are 
at high risk for PTOA. Sports injuries are the most frequent cause of anterior cruciate 
ligament injuries [60].

Meniscal Lesions

Unlike hyaline cartilage, the collagen present at articular fibrocartilage is oriented 
variably and contains little density of proteoglycans and less presence of water. 
Consequently, articular fibrocartilage is less compliant and presents less capacity of 
regeneration. The greater number of fibrocartilage lesions often occurs at menisci of 
the knee, glenohumeral input, and triangular fibrocartilage of the wrist [126].

Meniscal lesions are the most common knee injuries seen in patients of all ages 
and especially in young or adolescent patients due to trauma. These lesions are a 
recognized risk factor for the development of OA. Commonly, the mechanism of 
injury involves a twisting injury on a semi-flexed limb through a weight-bearing 
knee. Overpressure on the knee due to overweight, intensive training, incorrect 
position of the legs such as varus or valgus, or reduced muscle strength is a typical 
risk factor for meniscus lesions [100]. Advances in the knowledge of meniscal 
anatomy, biomechanics, and function are essential to understanding meniscal 
pathology and treatment [2, 100]. Meniscectomy still remains as a common 
orthopedic procedure; however, meniscal repairs are increasingly performed over 
meniscectomies in young patients [1].

3.3.2  Aging

Age has been identified as one of the most important risk factors for the develop-
ment of OA. The incidence and prevalence of OA increase with aging due to the 
combination of various risk factors, together with biological changes that lead to 
broke the homeostasis of the joint resulting in less capacity for healing [3, 66]. For 
instance, ACL injury is a cause of PTOA, and the progression of this PTOA has 
been seen to increase with patient age [94]. Seon et al. [99] have shown that the 54% 
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of the patients over 25 years at the time of ACL surgery developed OA, in front of 
the 26% below 25 years old [99].

The main factors affecting age-related changes include cellular senescence, 
reduced cell density, and altered secretory profiles [70]. The decrease in cell density 
is a direct consequence of cellular senescence, which is characterized by the loss of 
cell division capacity [111]. There are several processes that affect cell senescence 
such as the shortening of the telomeres [46], mitochondrial and nuclear DNA 
damage [15, 55], oxidative stress [68], and inflammatory process [44]. Moreover, 
reduced repair capacity of the cartilage increases with aging, due to the lesser 
capacity of chondrocytes to respond to growth factor stimulation to proliferative and 
anabolic process [66, 70]. For example, lower sensitivity to the stimulation with the 
TGFβ [57], insulin-like growth factor 1 (IGF-1) [64], and bone morphogenetic 
protein family (BMPs) [12, 24] leads to induced oxidative stress and prevalence of 
catabolic process over anabolic.

Apart from cellular changes, ECM also experiment age-associated alterations 
that lead to develop OA, such as the progressive calcification of cartilage that occurs 
before evidence OA [75]. In addition, it has been demonstrated that with aging there 
is a marked increase in the formation of advanced glycation end products (AGEs), 
which are the results of spontaneous nonenzymatic glycation of the proteins. AGE 
formation increase the cross-linking of collagen molecules which altered the 
mechanical properties of cartilage, making it more susceptible to mechanically 
induced damage [32, 116]. Moreover, the interaction of AGEs with cellular recep-
tors, including the receptor for AGEs (RAGE), displayed an increment in inflamma-
tion [20] and catabolic process [108, 125].

3.3.3  Obesity

Obesity is a strong risk factor associated with development and progression of OA, 
especially in knee OA [36]. Moreover, the overweight increases the development of 
osteoarthritic processes after knee trauma [119], specifically after fixation of 
acetabular fractures [59, 84].

It is assumed that behind the influence of obesity on OA is mechanical overload 
because the joint of overweight person endures the transmission from two to five 
times the body weight during the course of the day, leading to wear, damage, and 
microtrauma [33, 74]. Apart from the increment of the mechanical loading, obesity 
contributes to OA through the secretion of adipose tissue-derived cytokines, called 
adipokines, such as a variety of interleukins (IL-1β, IL-6, IL-8, IL-15, etc.), tumor 
necrosis factor alpha (TNF-α), leptin, and adiponectin, among others [28]. These 
inflammatory factors lead to bone resorption and ECM changes through the 
downregulation of the synthesis of the major components of the matrix (proteoglycans 
and type II collagen) and the upregulation of catabolic process across the activity of 
MMPs and a disintegrinlike and metalloproteinase with thrombospondin type 1 
motifs (ADAMTS) [28, 53].
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It has been established that if obese patients with OA lose weight can reduce 
pain, improve the function of the joint and might reduce disease progression [23, 
61]. Even, there are studies that support the use of specific strategies to weight loss 
in the treatment of these patients 11,121].

3.3.4  Genetic Factors

An inherited predisposition to develop OA has been established from family-based 
studies that supports the strong link between the genetic factors and this disease. 
Studies with twin have estimated a genetic influence ranging from 30% to 65% in 
OA, with larger influence in hands and hips, and smaller in knees [56, 73, 106]. 
Moreover, linkage studies with families and sibling have suggested loci linked to 
hip and knee OA in an area of chromosomes 2q and 11q. Related with the loci in 
chromosome 2q, the regions 2q 12–22 and 2q 33–35 contain genes that could be 
involved in the OA, like the gene for the α2 chain of type V collagen (a major 
component of the bone) and fibronectin, and the receptor of IL-8 (inflammatory 
process) [71, 122]. In relation with chromosome 11q and the susceptibility to 
develop OA, it has identified a cluster related with at least seven MMP genes and a 
locus that is a regulator of bone mass [21]. In addition, studies in families with 
primary OA have detected loci on chromosomes 4, 6, and 16 [40, 72], and more 
recently, genome-wide association studies (GWAS) have been established loci on 
chromosomes 3 [76], 7 [54], 13 [31], and 19 [19] that are strongly associated with 
hip or knee OA susceptibility.

On the other hand, the role of specific genes involved in OA has been demon-
strated by in vitro or in vivo studies. For example, in vitro gene analysis of patients 
and transgenic mice displayed the impact of an alteration in ECM components, 
(such as type II collagen and COMP), its regulators (aggrecanases), and how it con-
tributed to the degeneration of knee joint [92, 95, 96]. In addition, development and 
progression of OA can be induced by alterations in signaling pathways like TGFβ/
BMP [98, 131], Wnt/β-catenin [112], Indian hedgehog [18], hypoxia-inducible 
factor (HIF) 1α/HIF-2α [129], nuclear factor-kappaB (NF-κB) [91], and Notch [51] 
pathways and its downstream molecules [114] that leads to cartilage destruction. 
The knowledge of the genetic factors that induce or maintain osteochondral defects 
is a promising therapeutic strategy for novel treatments.

3.3.5  Inflammation

Over the past decade, inflammation has been established as a critical feature of 
OA. Many studies are opening the way to consider inflammation a key driver of 
OA  progression after joint injury [7]. According to current research, such 
involvement in the pathophysiology of OA would occur through the action of 
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inflammatory mediators [10] released by the cartilage, bone, and synovium. These 
mediators, such as cytokines (IL-1β, TNF-α, IL-6, etc.) and chemokines (IL-8, 
CCL5, CCL19, and its receptor CCR7), are produced by a variety of cell types, 
including macrophages, chondrocytes, and fibroblast-like synoviocytes (FLS), in 
response to joint trauma or chronic overuse injuries. Another source of these 
cytokines could be chronical inflammatory process associated to age or derived 
from previous injuries [7, 22, 103]. In addition to traditional mediators, it has been 
also found the presence of adipokines such as leptin in inflammation processes [28]. 
All these soluble signaling factors cause alteration of joint cell homeostasis such  
as pathological maturation, apoptosis, and catabolic responses by means of 
 metalloproteinases (MMPs), prostaglandin E2 (PGE2), or nitric oxide (NO) synthe-
sis, leading to cartilage degradation and subchondral bone remodeling. Moreover, 
the release of these inflammatory mediators causes alteration of joint cell homeo-
stasis generating a loopback that would aggravate or accelerate joint degeneration 
[90, 93, 118].

In this way, having an inflammation either attributed to previous injuries, obesity, 
or age would have an increased risk to develop, aggravate, or accelerate OA 
progression, after tissue damage. Results from image studies using MRI and 
ultrasonography have evidenced a positive correlation between inflammation and 
the risk for structural progression of OA [37, 47, 83]. Similarly, in vivo studies have 
reported the association between increased serum levels of adipokines and greater 
cartilage loss with a higher incidence of knee joint replacement [61].

The knowledge of inflammation role in OA development and mechanisms by 
which it acts has provided a window of opportunities to develop disease-modifying 
interventions targeting inflammatory processes for the prevention and treatment of 
OA. In vivo and clinical studies performed so far have mainly focused on TNF and 
IL-1 inhibitor showing clinical symptom relief but did not achieve to stop the 
disease progression [69]. Then, is necessary to take into account other factors that 
contribute to OA development, and also the heterogeneity of the OA patients, since 
their phenotypes may have different pathophysiology.

3.3.6  Metabolic Syndrome

Metabolic syndrome (MetS) is a common phenotype comprised of a cluster of met-
abolic disorders, such as hypertension, insulin resistance, visceral obesity, and dys-
lipidemia, that occur together, increasing the risk of developing serious chronic 
disease [132]. Researchers have suggested a positive association between OA and 
the four central components of MetS, since epidemiological and clinical data 
revealed a high prevalence in patients with OA, regarding the population without 
OA [86, 102, 105, 115, 127]. In addition, people with MetS develop OA at an earlier 
age, and have more generalized pathology with higher inflammation and pain, in 
comparison with patients with OA in the absence of MetS [34, 86]. Thus, all these 
disorders have led to consider metabolic syndrome an important risk factor for OA.
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During these last years, investigators are assessing how all these components that 
make up MetS are involved in OA. Studies have shown that all these conditions end 
up causing cellular damage and subsequent inflammation that, as explained in the 
previous section, leads to the OA development [52, 132]. Hypertension contributes 
to OA through subchondral ischemia that results from blood flow reduction related 
to narrowing of blood vessels [38]. Association between dyslipidemia and OA has 
also been reported, thus, the disturbance of lipid metabolism increase the risk of OA 
[42]. Moreover, obese people could display elevated levels of systemic oxidative 
stress that can be caused by insulin resistance, through hyperglycemia [29, 48, 49, 
78]. This condition of local high glucose concentration can also contribute to OA by 
reduction of chondrocyte differentiation, therefore, decreasing the potential cartilage 
regeneration [30, 113]. Hence, diseases that derive from insulin resistance state such 
as type 2 diabetes have been robustly associated with OA in epidemiological studies 
[9, 29]. Concordant results from clinical studies have also reported a higher rate of 
knee OA progression in type 2 diabetes patients than nondiabetics on a 3-year 
follow-up [35]. Otherwise, visceral obesity associated to MetS, contributes directly 
to inflammation state due to an increase in adipokine concentration that leads to the 
OA development [85, 132].

So, the link of MetS to OA suggests that control or prevention of MetS condi-
tions would modulate OA progression in humans, for example, by promoting reduc-
tion of adipose tissue in obese patients [27, 128].

3.3.7  Gender

Besides excess weight, obesity, and previous knee injury, the onset of knee OA has 
also been associated with female gender. Unfortunately, it represents a non- 
modifiable risk factor that leads to increased susceptibility and predisposition to 
develop OA. Numerous clinical, pathological, and epidemiological studies of OA 
suggest relevant difference between sexes. Women not only have higher prevalence 
than men, but they also have greater severity of OA [107]. In addition, the definite 
increase in OA in women around the time of menopause has led investigators to 
hypothesize that hormonal factors, in particular estrogens, may play a role in the 
development of OA [101]. Further support for a hormonal effect on OA comes from 
some, but not all, studies which have shown a higher prevalence and incidence of 
OA in women with hysterectomy than without it [26].

Although a lot of studies are addressing the relation between estrogens and OA, 
it is still not clearly defined, appearing to be concentration dependent. Despite the 
controversial results, the overall effect predominantly leads to inhibition of the 
expression and secretion of proinflammatory cytokines into the joint. It has been 
evidenced both in vitro and in vivo studies [90]. However, results from observational 
studies and clinical trials have been conflicting regarding this effect, especially 
about estrogen therapy [45, 79, 120].

G. Jiménez  et al.



75

Moreover, the disparities between sexes may be also due to the differences in the 
anatomical structure of joint elements, in height, weight, or just a thinner and more 
reduced volume of knee cartilage in women compared with that of men. Therefore, 
more studies are needed to evidence the role of hormones in OA and resolve these 
issues.

3.4  Treatment of Osteoarthritis

Currently, no available treatments are able to cure or substantially modify disease 
progression. In the case of joint trauma, interventions should be addressed as soon 
as possible to limit the degree of acute joint damage and to reduce the severity of 
OA [69]. The selection of the treatment depends on the intensity of the affectation. 
There are several methods to treat traumatic joints that include the following 
treatments:

Non-operative Management
• Symptomatic medical treatment: control the pain and inflammation by using 

cryotherapy, analgesics, and anti-inflammatories.
• Decrease early loading of injured articular surfaces after injury.
• Protect from the load to avoid detachment by shearing forces of possible frag-

ments of cartilage detached after the trauma.
• Avoid prolonged rigid immobilization.
• Intra-articular viscosupplementation injections.
• Weight loss and exercise in obese and overweight individuals.

• Surgical Treatment
 – Surgical management aims to reestablish the joint surface, maximizing the 

osteochondral biologic environment, achieve rigid fixation, and ensure early 
motion. The surgical techniques could be either procedures that only address 
cartilage repair or osteochondral procedures to treat both cartilage and 
subchondral bone.

• Chondral and osteochondral defects: For partial defects simple arthroscopic 
debridement with or without marrow stimulation (microfracture) is used. In the 
case of full-thickness defects, microfracture and autologous grafts or allografts 
are recommended [16]. Autologous grafts involve the extraction of healthy 
cartilage of the patient and its transplantation to the site of the defect. However, 
this technique presents several drawbacks such as the graft size limitation and 
donor site morbidity. In order to prevent greater damage, the cartilage is removed 
from areas that do not withstand heavy loads, such as the lateral margin of the 
femoral trochlea and notch of the knee [25].

• Tissue engineering: A number of promising cell sources, biocompatible tissue- 
engineered scaffolds, scaffoldless techniques, biological factors, and mechanical 
stimuli are currently being investigated in the field of articular cartilage tissue 

3 Osteoarthritis: Trauma vs Disease



76

engineering, which aims to repair, regenerate, and/or improve injured or diseased 
articular cartilage functionality [130]. For example, autologous chondrocyte 
implantation (ACI) is the first generation of cell transplantation techniques for 
cartilage repair and is used widely for patients who have cartilage lesions between 
1 cm2 and 12 cm2 or had previously failed restoration treatments of the knee such 
as microfracture surgeries [82].

• Total and partial joint replacements: For severe joint injuries as well as for 
advanced OA, articular cartilage cannot be recovered by any of the above- 
discussed treatments. In these cases, the damaged osteochondral tissue is partially 
or totally removed, and total or partial joint replacements are performed to help 
patients restore normal function. However, joint replacement therapies are not 
recommended in younger patients due to relatively short life spans of current 
implants, and revision surgery offers less favorable outcomes [117].

3.5  Conclusions

OA is a complex process without a full understood etiology. Changes observer dur-
ing progression of OA not only target cartilage tissue, also affect to subchondral 
bone and synovial tissue. There is a crosstalk between cartilage and bone cells in the 
course of the disease that play a major role in the joint homeostasis.

Among the risk factors that result in structural and functional failure of joints are 
joint trauma, obesity, aging, inflammation, genetic predisposition, gender and 
hormones, or metabolic syndrome. Despite cartilage senescence could be considered 
part of “normal” chronological age, and represent an important individual risk 
factor for the development of OA, all risk factors of OA are inter-related, not inter- 
dependent. In addition to aging, another pivotal factor that marks OA is damage due 
to trauma.

The majority of individuals with a significant traumatic joint injury develop 
PTOA. In the young patient, the pathogenesis of knee OA is predominantly related 
to joint trauma and an unfavorable biomechanical environment at the joint. Once the 
damage occurs, a sequence of events is initiated at the joint tissues and leads to 
progressive articular surface damage.

Future treatments must take into account all the specific characteristic of indi-
viduals and clinically relevant factors associated like severity of joint injury. 
Therefore, a multi-varied therapy which includes the knowledge of the OA risk 
factors of a specific patient could be used to make the clinical diagnosis.

Therapies focused on joint injuries with a clear trauma origin should address the 
earliest symptoms such as inflammation, stiffness, joint dysfunction, or pain. This is 
especially important in the young individual since changes in these patients could 
still be reversible, and therefore, early treatment could prevent further progression 
of the disease. A need also exists for therapies that stimulate intrinsic repair of the 
damage tissue and inhibiting catabolic pathways that lead to chondrocyte death and 
matrix loss.
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Chapter 4   
Surgical Treatment Paradigms of Ankle 
Lateral Instability, Osteochondral Defects 
and Impingement             

Hélder Pereira, Gwendolyn Vuurberg, Pietro Spennacchio, Jorge Batista, 
Pieter D’Hooghe, Kenneth Hunt, and Niek Van Dijk

Abstract Ankle sprain is amongst the most frequent musculoskeletal injuries, 
 particularly during sports activities. Chronic ankle instability (CAI) resulting from 
an ankle sprain might have severe long-lasting consequences on the ankle joint. 
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Despite the fact that most patients will respond favourably to appropriate conserva-
tive treatment, around 20% will develop symptomatic CAI with sense of giving 
away and recurrent sprains leading to functional impairment. “Classical” surgical 
repair by Brostrom-like surgery in one of its many modifications has achieved good 
results over the years. Recently, major advances in surgical techniques have enabled 
arthroscopic repair of ankle instability with favourable outcome while also enabling 
the treatment of other concomitant lesions: loose bodies, osteochondral defects 
(OCDs) or ankle impingement. Moreover, when the tissue remnant does not permit 
a repair technique, anatomic reconstruction by means of using a free graft has been 
developed. In many cases, OCDs occur as a consequence of CAI. However, trau-
matic and non-traumatic aetiologies have been described. There is no evidence 
favouring any surgical treatment over another concerning OCDs. Considering lower 
cost and limited aggression, microfracture is still the most frequent surgical 
approach. Herein, the authors describe their algorithm in the treatment of these 
conditions. Similarly, anterior or posterior impingement might be linked with 
CAI. These are clinical syndromes based on clinical diagnosis which are currently 
managed arthroscopically upon failure of conservative treatment.

Keywords Ankle impingement syndromes · Ankle sprain · Chronic lateral ankle 
instability · Osteochondral defects
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Fact Box 1 – Ankle Injury Epidemiology
• Inversion ankle sprain most frequent mechanisms: often during landing on 

the lateral border of the foot, or if the foot gets locked on the ground, while 
the body continues to turn.

• Isolated lesions of the ATFL occur in 65% of all injuries, while combined 
rupture of the ATFL and CFL occurs in approximately 20%.

• Despite adequate conservative treatment, approximately 20% of patients 
develop chronic lateral ankle instability.

• Nonanatomic reconstruction techniques significantly change ankle and 
subtalar biomechanics

• Upon failure of conservative treatment, anatomic repair or reconstruction 
techniques have achieved high percentage of good results.
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Fact Box 2 – Surgical Options for Treatment of Lateral Ankle Instability
• The so-called anatomic techniques include isolated repair of ATFL 

remnant and combined ATFL and CFL repair, with or without Gould aug-
mentation by pants-over-vest reinforcement with inferior extensor 
retinaculum.

• If the remnant tissues are considered as irreparable, or in revision surger-
ies, anatomic reconstruction by using a tendon graft (e.g. gracilis tendon) 
either open, percutaneous or arthroscopic has produced favourable 
outcome.

• Arthroscopic surgical techniques are under development with promising 
results (at least similar to open techniques while enabling treatment of 
comorbidities), but more studies are required, particularly in in high-level 
athletes.

Fact Box 3 – Most Frequent Risk Factors for Surgical Treatment of 
Lateral Ankle Instability
• Stiffness <5% (reduced ROM >5°)
• Re-rupture
• Nerve damage
• Complications with skin closure
• Risk factors for worst surgical outcome:
• Patients with hyperlaxity
• Very long-standing ligamentous injury (over 10 years)
• Previous surgery for ankle ligament repair

Fact Box 4 – Osteochondral Defects (OCDs) of the Ankle
• Traumatic and non-traumatic aetiologies have been described.
• Ankle sprain or chronic ankle instability might be implicated in the aetiol-

ogy of OCD.
• Fixation of a large fragment shall be performed whenever possible.
• Microfracture is still the most popular treatment once it has favourable 

results, low aggression and low cost.
• Moreover, no surgical treatment has proven superiority over any other in 

this field so far.
• Tissue engineering and regenerative medicine approaches promise new 

options for the future.
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4.1  Introduction

Ankle lateral instability is a very frequent injury which might cause functional limi-
tations in both athletes and in the general population. It has been stated that ankle 
sprain is one of the most frequent injuries during sports activity; however, criteria 
for return to activity are under-reported [1]. The rapid direction and step’s changes 
in addition to landings from falls, collisions and jumps present players with high 
injury risk during sports. These manoeuvres, which are key elements of the sport at 
the top level, produce high loads to the hindfoot, frequently exceeding the mechani-
cal resistance of the ankle joint [2, 3].

An inversion ankle sprain is the most frequent cause of acute ankle injury in 
sports [4]. This typically occurs after a jump, when landing on the lateral border of 
the foot, but might also occur if the foot gets locked on the ground, while the body 
continues to turn.

This sudden increase in inversion and internal rotation forces, combined with 
either dorsi- or plantarflexion, produces sufficient strains to rupture the ankle lateral 
ligaments, causes concomitant osteochondral lesions or aggravates anterior or 
posterior joint impingement [5, 6]. The anterior talofibular ligament (ATFL) is 
injured first; then with increased inversion and rotation, the calcaneofibular ligament 
(CFL) is also torn (Fig. 4.1) [7]. In about 65% of cases, an isolated lesion of the 
ATFL will occur, while combined ruptures of the ATFL and CFL happen in around 
20% [8, 9]. The posterior talofibular ligament (PTFL) is rarely injured during 
inversion sprain [10, 11]. In approximately 10–15% of all inversion injuries, there 
is a total rupture of the lateral ankle ligaments [12]. Moreover, 50% of these cases 
have concomitant other injuries in the joint (medial ligament injuries, syndesmotic 
injuries, loose bodies, osteochondral defects (OCDs)) [13].

If not treated adequately and in due time, these injuries will lead to chronic ankle 
instability (CAI) and might have severe consequences such as osteochondral defects, 
ankle impingement, synovitis and post-traumatic ankle arthrosis (given the 
recurrence of ankle sprains) [14–17]. Furthermore, patients with CAI have altered 
joint kinematics which in turn lead to an increased chance on recurrent ankle sprains 

Fact Box 5 – Ankle Anterior and Posterior Impingement
• Both are based on clinical diagnosis while imaging might be helpful in 

preoperative planning.
• Arthroscopic approach of bony or soft tissue impingement is the rule upon 

failure of conservative treatment.
• Both are treated in outpatient clinic with immediate range of motion and 

weightbearing. Full return to activity is usually achieved between 4 and 
6 weeks.

• It is very important to start active dorsiflexion-plantarflexion exercises 
from day one to avoid stiffness.
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[18]. These persistent “microtraumatisms” will increase the possibility for 
osteochondral injuries as well as anterior or posterior impingement. In case of 
failure of conservative treatment, patients who suffer from recurrent ankle sprains 
can be effectively treated by means of surgical stabilization [19–21]. With the 
objective to minimize surgical aggression and enable immediate treatment of 
comorbidities, arthroscopic techniques have been developed and optimized, 
providing at least similar outcome as open techniques [20].

In order to preserve joint kinematics and optimize clinical results, present surgi-
cal techniques aim to restore the “normal” anatomy [22]. Use of peroneal tendons 
as used in the past is therefore not advised unless this is considered to be the last 
option [22]. The two most popular techniques include anatomic repair and anatomic 
reconstruction [22]. A third technique, receiving less attention in current literature, 
is capsular shrinkage [23]. By use of radiofrequency, the joint capsule is heated 
which induces shrinkage of collagenous structures aiming to tighten the ATFL 
(without any foreign or allogeneic material such as suture anchors or tendon grafts) 
[24]. Despite overall good results, de Vries et al. [23] reported the technique to be 
unable to modify objective ankle joint laxity.

4.2  From Ankle Sprain to Chronic Lateral Ankle Instability

Although the natural history of ankle sprains is not completely understood, the 
inherent stability of the ankle mortice and its congruency might contribute to the 
fact that complete but isolated ATFL ruptures have good prognosis. Most patients 
are successfully treated with functional treatment [25]. In some selected cases, 

Fig. 4.1 (A) Anterior drawer test in which the surgeon induces anterior translation force (red 
arrow). The anterior dislocation of the talus makes visible a sulcus sign (blue circle). (B) Tilt test 
in which a rotational force (yellow arrow) is induced suggesting calcaneofibular ligament injury. 
(C) Varus stress X-ray reproducing the tilt test and demonstrating impingement of the talus within 
the ankle mortise
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especially in elite athletes, it has been proposed that early surgery can be considered 
as a first-line treatment to achieve a faster return to play [26, 27].

If no ligament rupture occurs, functional rehabilitation treatment will enable to 
resume activities in few days/weeks. Pain is used as a guide for patients and doctors. 
Ruptured lateral ankle ligaments usually require a period of rigid/semi-rigid 
immobilization followed by soft brace protection or taping (taping has some risk of 
skin irritation) [28].

Despite adequate conservative treatment, around 20–30% of patients will develop 
CAI with persistent symptoms (fear of reinjury limiting activity, sense of giving 
away, and recurrent sprains) [26, 29, 30]. Standardized and reproducible criteria for 
reporting return to play for athletes are scarce in literature, and there are no objective 
guidelines to assist us in this determinant decision [1].

CAI derives from several functional and mechanical factors [7, 31, 32]. These 
include lower-leg proprioceptive deficits, disturbance of normal reflexes and 
(peroneal) muscle weakness which are relevant contributors to the persistence of the 
symptoms [31]. Subsequently, a thorough rehabilitation programme that emphasizes 
proprioceptive, neuromuscular control and balance training must always be 
followed. Available data report success rates up to 80% after functional rehabilita-
tion programmes [10, 26].

4.2.1  Principles of Surgical Treatment of Lateral  
Ankle Instability

Surgery is indicated to restore functional stability upon failure of conservative treat-
ment [25, 30]. The surgical options to treat CAI range from anatomic repair to 
nonanatomic reconstructions.

Currently, there is insufficient evidence to support any specific superior surgical 
intervention in the treatment of chronic ankle instability [29, 33].

Nevertheless, nonanatomic reconstruction, as the classic Evans, Watson-Jones or 
Chrisman-Snook procedures, has been shown to significantly alter the normal 
biomechanics of the ankle complex, particularly the subtalar joint [8, 9, 34, 35]. 
Given these concerns [33], and the favourable outcome of anatomic techniques, the 
former are currently the first line of surgical treatment [36–38].

Anatomic open repair was first described in 1966 by Bröstrom et al. [39]. This 
technique respects the original anatomy by tightening the torn ATFL and CFL to the 
distal fibula (Fig. 4.2). Two modifications were introduced over time by Gould et al. 
[40] that advises to suture the inferior retinaculum extensorum (RE) over the 
proximal ATFL end to augment the repair, and the modification by Karlsson et al. 
[41] advises to shorten the ligaments were often not disrupted but elongated.

The functional outcomes of these techniques in its many modifications have been 
excellent, with success rates reported as high as 87–95% [12, 40, 41]. Retrospective 
case series of arthroscopic repair techniques have shown successful postoperative 

4 Surgical Treatment Paradigms of Ankle Lateral Instability, Osteochondral Defects…



92

results with a high rate of self-reported satisfaction (94.5%), with low rate of com-
plications (0.5–3%) [42–45].

The rehabilitation protocol after anatomic repair of the lateral ligament follows 
the functional treatment for acute ligament rupture, with a lower-leg cast for 1 or 
2 weeks, followed by 2–4 weeks in a functional brace [37]. To encourage earlier 
return to play, range of movement exercises and protected loading are recommended 
after 2 weeks as tolerated. Inversion and rotational exercises should be limited dur-
ing the first 4–6 weeks. Return to sport is usually possible between 10 and 12 weeks; 
dynamic postural control tests are considered valuable functional assessment tools 
to progress in return to full activities [4, 33, 46].

4.2.2  Recent Advances in Surgery for Ankle Instability

All the anatomic repair techniques depend on the quality of the ligaments’ remnant 
in order to achieve an effective repair [36]. Karlsson et al. determined risk factors 
for worst outcome: hyperlaxity, long-standing injuries and previous surgical 
treatment [41].

When the tissue remnant is considered inadequate for repair, then anatomic 
reconstruction using a free tendon graft (autograft or allograft), usually the gracilis 
tendon, has been proposed with favourable outcome [47, 48]. Available clinical 
data suggest that these anatomic free graft-based reconstructions, either by 
arthroscopic, percutaneous or open techniques [49], enable favourable outcome in 
properly selected cases: inadequate remnant or as a salvage/revision procedure [47, 
48, 50, 51].

Graft-based reconstructions may lead to increased stiffness once the graft is 
much stronger than the native tissue [47]. Usually a more aggressive rehabilitation 
is possible, depending on the intraoperative achieved tension and graft fixation [52]. 

Fig. 4.2 (A) Open surgery where anterior tibiofibular (ATFL) and calcaneofibular ligament (CFL) 
are visible. (B) Open Brostrom repair with repair of the anterior tibiofibular (yellow arrow, ATFL) 
and calcaneofibular ligament (red arrow, CFL) is reattached to the fibula (blue arrow)
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Song et al. recently showed a midterm better ankle joint function in patients who 
received an ATFL reconstruction, compared with the Broström procedure [51], but 
this finding requires further research with larger series and uniform selection crite-
ria followed by randomized studies.

The current trend is on the pursuit of minimally invasive arthroscopic techniques 
(Fig. 4.3). Based on the favourable outcome of open ligament repair, several authors 
have described repair techniques aiming to replicate what has been learnt with open 
surgery and achieve similar repairs with arthroscopic anchor-based approaches [36–
38, 42, 49, 53]. This might lower the surgical morbidity and shorten the time of 
recovery [54, 55]. Arthroscopy also enables the treatment of concomitant intra- 
articular lesions in addition to ankle stabilization [14, 56]. Considering the 
aforementioned retrospective series, comparative studies for open and arthroscopic 
anatomic lateral ligament repair have shown similar clinical and biomechanical 
outcome [20, 54, 55].

4.3  Ankle Osteochondral Defects

An osteochondral defect (OCD) of the talus is a lesion involving the talar articular 
cartilage and its subchondral bone. Several classifications have been used over time, 
but the first comes from 1959 from Berndt and Harty [57]. OCDs are usually caused 
by a single or multiple traumatic events, but non-traumatic, idiopathic OCDs of the 
ankle have been described [58–61]. No classification fully addresses the problem, 
but the anatomic grid proposed by Raikin and Elias has proven to be useful both in 
the talus and the tibial plafond [62, 63]. The defect initially may involve only 
superficial cartilage damage caused by shearing stresses, without damage to the 
underlying subchondral bone, but a bony injury after a high-impact force also can 
cause a defect [64]. Ankle trauma associated with an OCD often develops leading to 
the formation of subchondral bone cysts. These cysts are related with persistent 

Fig. 4.3 (A) Arthroscopic view of the ATFL remnant detached from the fibula (yellow arrow); (B) 
outside view of arthroscopic ATFL repair; (C) arthroscopic view of reattachment of the ATFL 
remnant (red arrow) to the fibula and knot tying (light blue arrow)
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deep ankle pain thereby causing functional impairment. Most OCDs of the talus are 
found on the anterolateral or posteromedial talar dome [65]. Lateral lesions are usu-
ally shallow oval shaped, and a shear mechanism has been proposed to be more 
frequently implicated. This opposes to medial lesions which are usually deeper, and 
cup shaped, suggesting a mechanism of torsional impaction and axial loading [58, 
60]. Despite several theories and basic science studies concerning OCDs of the 
talus, its aetiology and pathogenesis are still not fully comprehended.

An OCD might have an acute onset. However, the process leading to subchon-
dral cyst formation requires some time, and it’s a slower process [66]. The reason 
why some OCDs remain asymptomatic is still unclear, while others with apparently 
similar features cause pain on weightbearing (aggravated by effort), show persistent 
bone oedema on magnetic resonance imaging and ultimately lead to a subchondral 
cyst. Understanding this process would be critical in order to prevent progressive 
joint damage [66].

A traumatic event is commonly accepted as the most important aetiologic 
factor of an OCD of the talus. For lateral talar defects, trauma has been impli-
cated in 93–98% and for medial defects in 61–70% [67]. OCD aetiology can be 
divided in non-traumatic and traumatic defects [60]. Vascular aetiology, isch-
emia, subsequent necrosis, and genetics have been accepted as aetiologic factors 
[58]. Moreover, OCDs have been found in identical twins and siblings [68]. 
OCDs are bilateral in 10% of patients [69]. Traumatic cartilage lesions include 
three categories: microdamage or blunt trauma, chondral fractures and osteo-
chondral fractures [70].

Ankle sprains have a predominant role in the aetiology of traumatic OCDs, once 
these are probably the most frequent traumatic events leading to these injuries [13]. 
When a talus twists inside its “bony mortice” during an ankle sprain, the cartilage 
covering of the talus can be damaged by direct impactions causing a real OCD, 
bone bruise, cartilage crack or delamination. Shearing forces might cause separa-
tion in superficial layer of the cartilage [60]. Loose bodies can be created (and 
cause even more cartilage damage), or OCDs might remain partially stable in its 
position (Fig. 4.4). The lesions can either heal and remain asymptomatic, or prog-
ress to deep ankle pain on weightbearing and form subchondral bone cysts. IBerndt 
and Harty were able to reproduce lateral ankle OCDs under laboratory conditions 
by intensely inverting a dorsiflexed ankle. As the foot was inverted, the lateral bor-
der of the talar dome was compacted against the face of the fibula, and when the 
lateral ligament ruptured it lead to cartilage avulsion. During application of exces-
sive inverting force, the talus rotated laterally in the frontal plane within the mor-
tise, thus impacting and compressing the lateral talar margin against the articular 
surface of the fibula. With this mechanism, a portion of the talar margin was sheared 
off from the main body of the talus, causing a lateral OCD. A medial lesion was 
reproduced by plantarflexing the ankle in combination with slight anterior dis-
placement of the talus on the tibia and inversion and internal rotation of the talus on 
the tibia [57, 60].

For this reason, one can assume a tight connection between most ankle OCDs 
and CAI which is the topic for reflection in the herein presented paper.
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4.3.1  Principles of Surgical Treatment  
of Osteochondral Defects

Asymptomatic incidental findings of the ankle are not infrequent, including within 
athletic population [71].

Asymptomatic and/or low symptomatic OCDs can usually be treated conserva-
tively, even if kept under clinical and/or image surveillance. Conservative treatment 
includes orthobiologics, physiotherapy, periods of rest or immobilization (e.g. 
Walker Boot) [59, 65].

Regarding the symptomatic ankle OCDs, several approaches are possible 
depending on the characteristics of the lesion and patient profile. There is no current 
consensus in literature of clear superiority of any surgical treatment over another 
either in primary or secondary ankle OCDs [65, 72, 73].

Preoperative planning is of paramount relevance, and it should always include 
X-rays for alignment assessment and global evaluation. The computed tomography 
(CT) is a critical method since it provides a relatively more reliable assessment of 
bone defects, which can be overestimated by the MRI oedema around the defect 

Fig. 4.4 (A, B) Arthroscopic view of loose body (red arrow) and talar spur (yellow arrow), caus-
ing osteochondral ridge defects (orange arrow on the talar dome). (C, D) CT view of the loose 
body (red arrow) and talar spur (yellow arrow)
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mainly in T2 sequences. However, the presence of such oedema in T2 suggests 
activity around the lesion. Moreover, CT lateral view in plantar flexion or dorsiflex-
ion is helpful to determine if it’s possibly an anterior or posterior arthroscopic 
approach or if an open approach is required (medial malleolar osteotomy for medial 
defects or lateral ligament detachment and afterwards reinsertion for lateral defects). 
Arthroscopic approach is currently the preferred and most frequently used for both 
anterior and posterior compartments [74]. Moreover, when no fixed distraction is 
used, the percentage of complications is extremely low [75].

Given the lack of evidence of any superior treatment, the author’s approach 
favours to prefer the less aggressive options. More aggressive, thus more prone to 
complications or higher cost procedures are considered for secondary or revision 
surgeries (Table 4.1).

Whenever possible, an ankle OCD which is possible to fix in place (with suffi-
cient size and preferably with some underlying bone) will constitute our first option 
(Fig.  4.5). Either open or arthroscopic, the “lift, drill, fill, fix” technique should 
always be considered once it is the one who preserves the most of the native tissue 
and hyaline cartilage [76] (lift, the defect; drill, by making microfracture or bone 
marrow stimulation; fill, the defect with bone graft; and fix, the fragment with 
metallic or bioabsorbable screws or pins).

In OCDs smaller than 15 mm, excision, curettage and bone marrow stimulation, 
usually by microfractures (Fig. 4.6), aims to stimulate the underlying subchondral 
bone bringing “blood” containing growth factors (GFs) and mesenchymal stem 
cells (MSCs) which will promote fibrocartilage coverage of the defect and provide 
around 85% of successful outcome at a 5-year follow-up [77]. Given the satisfactory 
results with minimal aggression, depending on the patient profile and injury 
characteristics, this approach can also be considered in bigger lesions unable for 
fixation or secondary injuries [65, 72, 73].

Large cystic lesions, including tibial OCDs, can be addressed by retrograde drill-
ing to lower the pressure within the cyst and filling with bone graft when possible or 
required.

Table 4.1 Practical algorithm for surgical treatment of osteochondral defects of the ankle

Type of osteochondral defect Treatment option

Asymptomatic/low-symptomatic lesions Conservative: periods of rest/walker boot
Symptomatic lesions ≤ 15 mm Excision, curettage and bone marrow stimulation 

(ECBMS)
Symptomatic lesions ≥ 15 mm Fixation* / OATS

Consider ECBMS
Large talar cystic lesion Retrograde drilling ± bone transplant

Consider ECBMS
Secondary lesions OATS/ACI/Hemicap ®/Osteotomy

Consider ECBMS

ECBMS excision, curettage and bone marrow stimulation, OATS osteochondral autologous 
transplantation surgery, ACI autologous chondrocyte implantation (last generation); Hemicap®, 
metallic implant for partial replacement of the medial talar dome. ECBMS is considered in most 
cases given the outcome possibilities and lower aggression and cost. Lower percentage of good/
excellent results is to be expected in larger lesions and revision surgery
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The osteochondral autologous transplantation surgery (OATS) consists in har-
vesting osteochondral cylinders from the knee to fill an ankle defect. Despite a high 
rate of successful outcome stated by the promoters, a systematic review has shown 
that this technique is linked to a high percentage of complication [78]. So, in our 
algorithm it remains a salvage procedure for large OCDs or secondary lesions (after 
failure of previous surgeries).

Cell-based therapies, scaffolds and augmentation with hydrogels, despite being 
quite promising, have not been able to consistently present superiority to the 
previously described techniques on the clinical setting. For this reason, and 
considering their high cost, they remain options for revision surgeries or large 
injuries without possibility for fixation and not amenable by any of the previous 
techniques [79–95]. However, we strongly believe in advanced tissue engineering 
and regenerative medicine approaches for the future.

When all biologic surgical treatments fail, a novel metallic implant designed for 
secondary defects of the medial talar dome (Hemicap®) has provided favourable 
outcome [96].

Finally, realignment by means of the osteotomy (calcaneal sliding (Fig. 4.7) or 
supramalleolar) is a powerful tool to provide a more favourable biomechanical envi-
ronment for OCD healing by unloading the affected site [97, 98].

As a last resource, ankle fusion or ankle arthroplasty in very selective cases 
might be the end line treatment [98].

Fig. 4.5 (A) X-ray with visible medial OCD on the talar dome. (B, C) CT confirms OCD with 
underlying bone and cystic lesions around it. (D) After medial malleolus osteotomy, the OCD is 
lifted, submitted to bone marrow stimulation and filled with bone autograft. (E) The fragment is 
fixed. (F) Final view with fixation with compression screw
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Fig. 4.6 (A) Ankle OCD arthroscopic view and removal of unstable fragment; (B) microfracture 
probe; (C) final look after microfractures; (D) blood coming from the microfracture holes after 
reliving the tourniquet

Fig. 4.7 (A) Surgical procedure of calcaneal sliding osteotomy; (B) preoperative X-ray demon-
strating severe varus with impingement of the talus on the tibial plafond; (C) final position achieved 
with improved alignment enabling better load distribution
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4.4  Ankle Impingement Syndromes

Repetitive microtrauma to the anterior aspect of the ankle joint might lead to bony 
spur formation ultimately causing anterior impingement syndrome [99]. This 
microtrauma might be linked to CAI or repetitive direct impact force (e.g. kicking a 
ball) [100]. About one third of patients with CAI will experience pain related to 
ankle impingement. Injury of the anterior-inferior talofibular ligament might lead to 
the development of a “meniscoid lesion” which might cause soft tissue anterolateral 
impingement [99]. Impingement is considered as a syndrome, meaning that it is 
basically a clinical diagnosis in which the key sentence is superficial recognizable 
pain on palpation. Patients complain of persistent pain in walking, aggravated by 
climbing stairs (dorsiflexion or local pressure might cause entrapment of soft tissue/
synovitis between two hard surfaces). Anterior or anteromedial impingement is 
usually caused by osteophytes, which are not enthesophytes (Fig. 4.8). They do not 
result traction once they are included in the limits of the capsule [101]. X-ray 
(including the AMIC view –anteromedial oblique view) [102] or CT (less frequently 
MRI) can be useful for preoperative planning and identification of concomitant 
loose bodies or painful broken osteophytes.

Posterior impingement syndrome concerns a mechanical conflict due to hyper-
plantarflexion [103]. It can be either acute (os trigonum or Stieda process fracture or 
dislocation) after trauma [104] or chronic, caused by repetitive microtrauma (which 
might also be linked to CAI) (Fig. 4.9). Chronic cases can be linked to hypertrophic 
os trigonum or posterior talar process as well as related fractures or soft tissue 
impingement (e.g. cysts). It is often observed in footballers, cyclers, swimmers, 
acro-gymnasts and ballet dancers [105, 106]. It is also a syndrome, where posterior 
impingement test is most helpful and imaging is used for preoperative planning in 
most cases [107]. Upon failure of conservative treatment (physiotherapy, injections, 
shoe wear), surgical treatment is recommended.

Fig. 4.8 (A) CT demonstrating anterior impingement (yellow circle); (B, C) arthroscopic view in 
neutral position and dorsiflexion where bony impingement is confirmed
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4.4.1  Principles of Surgical Treatment of Anterior 
Impingement

The treatment of anterior, anteromedial, anterolateral, bony or soft tissue ankle 
impingement is nowadays achieved mainly by arthroscopic approach. The medial 
portal is created in dorsiflexion, medial to the crossing line between the anterior 
tibialis tendon and the joint line [108]. This way the cartilage surface is protected 
under the tibial plafond, and the working space is “opened”. The lateral portal is 
performed under transillumination and again in dorsiflexion to avoid nerve damage 
(the superficial peroneal nerve moves posteriorly). The tibial osteophyte shall be 
removed from superior to inferior and the talar osteophyte from distal to proximal 
to fully control the bone morphology [101, 107]. It is recommended to minimize 
aggression which will ultimately lead to a faster recovery and avoid secondary 
instability due to loss of bony contact (if too much bone is removed) [101, 107]. 
This is an outpatient procedure, and the patient can weight bear from day 1 if 
tolerated. It is very important to start active dorsiflexion-plantarflexion exercises 
from day 1 to avoid stiffness. Stiches are removed at 2 weeks, and full return to 
activity is possible within 4–6  weeks. Satisfactory results have been published 
around 85–90% at a 5-year follow-up, and around 80% remain asymptomatic at an 
8-year follow-up [101, 107].

Fig. 4.9 CT 3D view of 
plantarflexion ankle with 
posterior impingement 
with os trigonum (yellow 
arrow)
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4.4.2  Principles of Surgical Treatment of Posterior 
Impingement

The two-portal endoscopic approach for the hindfoot described by Van Dijk et al. 
created a revolution in the treatment of these conditions [109], either bony or soft 
tissue impingement. It lowered dramatically the surgical aggression as it is an 
outpatient procedure, and the patient can weight bear from day 1 if tolerated. Once 
more, it is very important to start active dorsiflexion-plantarflexion exercises from 
day 1. Stiches are removed at 2 weeks, and full return to activity is possible within 
4–6 weeks for isolated procedures [103]. The flexor hallucis longus tendon is used 
as a medial landmark to define a safe working area to avoid the medial neurovascular 
bundle.

The knowledge of anatomy is fundamental, and the step-by-step technique has 
been described elsewhere [110]. Effort shall be made to remove the os trigonum in 
one piece to avoid living small loose bodies behind.

4.5  Final Remarks

• The majority of inversion ankle sprains are effectively managed with functional 
conservative treatment, even in the case of ligament rupture.

• There is increasing evidence on the effectiveness of arthroscopic approach for 
CAI treatment. So far, the reported outcomes are at least equivalent to open 
techniques. However, more high-level studies are still needed.

• When repair of the remnant tissue is no longer possible, anatomic reconstruction 
by using a free graft (auto- or allograft) has provided good results and is also 
suitable for revision cases. Moreover, replication of the anatomy may facilitate to 
overcome the limitations of previous nonanatomic techniques.

• Osteochondral defects can have traumatic and non-traumatic aetiology. CAI is a 
major cause of traumatic OCDs.

• Fixation of an OCD should be performed whenever possible. Besides this, the 
most frequent surgical treatment remains bone marrow stimulation (e.g. 
microfractures). This relies on the high percentage of satisfactory results and 
lower aggression, as well as the fact that no surgical procedure has, so far, 
demonstrated consistent advantage over the former.

• Tissue engineering and regenerative medicine promises to provide new more 
effective options for the future.

• Anterior and posterior impingement syndromes are based on clinical diagnosis 
while imaging is helpful in preoperative planning.

• Aetiology can be traumatic with the contribution of repeated microtrauma con-
nected to CAI.

4 Surgical Treatment Paradigms of Ankle Lateral Instability, Osteochondral Defects…
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• Arthroscopic/endoscopic approaches for both these entities enable high percent-
age of good results with minimal complications and fast return to activity.

• CAI, as herein described, is a major entity which can cause further damage 
through time in the ankle joint. Effective and timely treatment will avoid further 
joint damage.
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Chapter 5   
Clinical Management in Early OA             

Rita Grazina, Renato Andrade, Ricardo Bastos, Daniela Costa, 
Rogério Pereira, José Marinhas, António Maestro, 
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Abstract Knee osteoarthritis affects an important percentage of the population 
throughout their life. Several factors seem to be related to the development of knee 
osteoarthritis including genetic predisposition, gender, age, meniscal deficiency, 
lower limb malalignments, joint instability, cartilage defects, and increasing sports 
participation. The latter has contributed to a higher prevalence of early onset of 
knee osteoarthritis at younger ages with this active population demanding more 
consistent and durable outcomes. The diagnosis is complex and the common signs 
and symptoms are often cloaked at these early stages. Classification systems have 
been developed and are based on the presence of knee pain and radiographic 
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 findings coupled with magnetic resonance or arthroscopic evidence of early joint 
degeneration. Nonsurgical treatment is often the first-line option and is mainly 
based on daily life adaptations, weight loss, and exercise, with pharmacological 
agents having only a symptomatic role. Surgical treatment shows positive results in 
relieving the joint symptomatology, increasing the knee function and delaying the 
development to further degenerative stages. Biologic therapies are an emerging 
field showing early promising results; however, further high-level research is 
required.

Keywords Early osteoarthritis · Knee · Cartilage

Highlights
• Diagnosis of early knee OA relies in three main criteria including knee pain, 

radiographic image showing osteophytes, and MRI or arthroscopic findings of 
cartilage injury.

• Recommended conservative measures include weight loss (0.25%/week), 
aquatic/land exercises (strength and aerobic training), and pharmacological 
agents including oral NSAIDs and opioids.

• Lower limb malalignments and meniscal deficiency should be corrected to avoid 
overloading the joint and prevent further damage.
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5.1  Introduction

Osteoarthritis (OA) is characterized by several articular dysfunctions with conse-
quent anatomical changes in joint structures. OARSI (Osteoarthritis Research 
Society International) defines osteoarthritis as “a disorder involving movable joints 
characterized by cell stress and extracellular matrix degradation initiated by micro- 
and macro-injury that activates maladaptive repair responses including pro- 
inflammatory pathways of innate immunity.” This in turn manifests initially as 
abnormal joint tissue metabolism and subsequently by anatomic and physiologic 
derangements. Contrary to what is believed, the disease is not exclusively related to 
cartilage deterioration. The physiopathology is complex and all anatomical 
components presented in the articular space are deteriorated. Besides the cartilage, 
subchondral bone, menisci, ligaments, synovial membrane, and synovial fluid are 
involved [1]. Process of tissue destruction, abnormal metabolism, and reparative 
attempt leads to a deleterious vicious cycle which interruption is challenging. The 
final consequence is an inflammatory, painful, and deformed joint with stiffness and 
limited range of motion that leads to an important functional disability. In fact, the 
disease is one of the most common disabilities in adults.

Osteoarthritis affects 33.6% of the population over 65 years old and, surprisingly, 
13.9% of the population over 25 years old [2]. Worldwide estimates are that 9.6% of 
men and 18.0% of women aged over 60 years have symptomatic osteoarthritis, 80% 
of those will have limitations in movement and 25% cannot perform their major 
daily activities of life [3]. As considered a degenerative disorder with tissue deterio-
ration, it is comprehensible that the prevalence increases with age and some predic-
tions must be considered for the comprehension of this health problem [4]:

• By 2050, global life expectancy at birth is projected to increase by almost 8 years, 
climbing from 68.6 years in 2015 to 76.2 years in 2050.

• The global population of the “oldest old” – people aged 80 and older – is expected 
to more than triple between 2015 and 2050, growing from 126.5 million to 446.6 
million. The oldest old population in some Asian and Latin American countries 
is predicted to quadruple by 2050.

It is projected a relative increase on 10% over two decades (by year 2032) in the 
occurrence of “any OA” that leads to healthcare consultation considering the future 
age and sex structure of the population as well as the prevalence of overweight and 
obesity. By 2032, over 26,000 new OA cases per 1000,000 population aged 45 or 
older will have consulted healthcare. To a large extent, it will be the primary care 
physicians who will face the increased workload, but a crisis in supply of total joint 
replacement surgery is also anticipated [5].

Basic science and new technologies are being developed aiming the drastic 
change of OA natural history and inevitable progression. Available statistics are 
based in current concepts and knowledge about the disease, and predictions can be 
modified according to new treatment options.

5 Clinical Management in Early OA
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5.2  Physiopathology

5.2.1  OA Physiopathology

Articular cartilage damage is claimed to be the initial event in the development of 
osteoarthritis. This specialized tissue must be under controlled conditions of 
homeostasis in order to complete its load-bearing functions. Its properties are 
mostly due to the organization of the extracellular matrix, mainly composed by 
collagen (responsible for the volume and shape) and proteoglycan (responsible for 
the elasticity). After receiving the mechanical loads, the extracellular matrix 
dissipates it, and only then it is transmitted to the chondrocytes [6].

Physiological loads are crucial for the organization of the articular cartilage, 
allowing the homeostasis between anabolic and catabolic reactions. OA is believed 
to happen from an imbalance in these reactions [6]. At first, there is an increase in 
anabolic activities with greater production of type II collagen and proteoglycan in 
response to any derangement in the normal physiology of the knee that causes loss 
of glycosaminoglycan. Additionally, this will lead to changes in the cartilage resis-
tance. In the early phase of OA, there is an increase in catabolic reactions along with 
an increase of inflammatory mediators, proteinases, and stress phase reactants pro-
moted by the fragmented type II collagen which will ultimately culminate in carti-
lage loss [7].

5.2.2  Relation to Genetic Factors and Gender

OA is most commonly defined as idiopathic when no factor is known for its 
occurrence [8]. Many studies have been carried in order to understand the role of 
genetics in the development of OA. Knee OA is not inherited according to the 
Mendelian pattern, suggesting a much more complex genetic pattern [9]. Still, the 
sibling recurrence risk for knee OA is 2.08–2.31 for radiographic knee OA, with 
a risk of 2.8–4.8 for total knee replacement [10]. The increased risk of knee OA 
seems to persist even after adjusting for environmental risk factors [11]. Many 
genes have been claimed to be related to the disease, namely, those coding for 
structural proteins, such as collagen type II [12–14]. A deeper knowledge of the 
involved genes in OA might help defining treatment targets in order to prevent 
late-stage OA [8].

The prevalence of OA also varies with genders, with women being more affected 
[15]. In fact, articular cartilage is hormone sensitive and specific genes coding for 
estrogen receptors increase the risk of OA when in homozygota [16]. Anatomical 
differences also exist between genders and might play a role in the development of 
the disease. In this sense, women tend to have a thinner layer of articular cartilage 
[17], Q angle around 3° higher than that of men [18], and narrower distal femur 
[19], and there is also a difference in the femur and tibial plate sizes [20, 21].

R. Grazina et al.



115

5.2.3  Relation to Meniscal Tears

Arthroscopic partial meniscectomy is one of the most commonly performed ortho-
pedic interventions around the world [22, 23]. Incidence of meniscal tears is around 
2 per 1000 patients/year in the Netherlands and are responsible for about 25,000 
hospital admissions every year in England and Wales [24, 25]. Arthroscopic partial 
meniscectomy is commonly applied due to its short-term relief of symptoms [26]. 
However, it is crucial to preserve as much as meniscal tissue as possible since a 
disturbance on the close relation between the menisci and the articular cartilage 
may contribute to accelerate the process of osteoarthritis development [27]. In fact, 
to account to the lack of meniscal tissue coverage at the central region of the tibia, 
the subchondral bone plate is thicker to support the role of the meniscal structures 
in shock absorption and load transmission [28].

Partial meniscectomies induce less radiographic apparent OA than total meniscec-
tomy, with worst outcomes in patients with lateral meniscectomy [29]. Moreover, it is 
well documented that OA develops faster after a meniscal tear or after partial menis-
cectomy [6]. In young, active patients without cartilage damage, partial meniscectomy 
and meniscus replacement have shown beneficial effects in long-term studies [27].

Partial meniscectomy is indicated in patients not responding to pharmacological 
and physical therapies or patients showing symptoms such as blocking or locking 
due to instable meniscal lesions [27]. Still, it is crucial to restrict the amount of 
meniscal resection to the unstable meniscal tissue, without removing the degenerated 
but stable tissue. This will prevent the eventual progression of OA caused by 
decreased joint contact area and increased peak contact pressure [30].

5.2.4  Relation to Axis Deviation

Lower limb axis deviations are responsible for the asymmetric load distribution 
across the knee joint [31]. A systematic review on this topic concluded that there is 
still little evidence establishing a causative effect between axis deviation and OA 
[32]. Brouwer et al. concluded in their study that both varus and valgus malalign-
ments are related to incident OA [33] and considered as independent risk factor for 
progressive OA [32].

5.2.5  Relation to Joint Instabilities

Knee joint instability has been considered to be a main contributing factor for knee 
OA. In this sense, joint stability is “the ability of a joint to maintain an appropriate 
functional position throughout its range of motion” [34]. In an unstable joint, the 
load-bearing area is moved to the periphery, overloading this region of the articular 
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cartilage [35]. Patient-reported knee instability referred as “feeling of giving way, 
shifting or buckling of the knee during daily activities” has systematically been 
reported in patients with knee OA [36–38].

The anterior cruciate ligament (ACL) rupture is the most common ligament 
injury in the knee [39–41]. A systematic review showed that knee radiologic changes 
are fivefold more common after an ACL injury when compared to the contralateral 
knee, with a relative risk of 3.89 for the development of knee OA [42]. Within this 
line, a significant long-term prevalence of knee OA after ACL reconstruction up to 
80% has been reported [43, 44]. Nevertheless, those patients treated with ACL 
reconstruction seem to have a lower risk of knee OA than those treated conservatively 
(relative risk 3.62 vs 4.98) [42].

5.2.6  Relation to Cartilage Defects

Articular cartilage defects are a well-known pathological entity that have been 
hypothesized to be closely related to early OA [45]. These can be divided according 
to their depth, into partial-thickness and full-thickness lesions [35].

Focal cartilage defects are common, being found in approximately 20% of knee 
arthroscopies [46, 47] and in 40% of magnetic resonance imaging (MRI) studies in 
healthy individuals [48]. This prevalence is considerably higher when accounting 
for recreational and professional athletes [49–52]. However, there is insufficient 
evidence on when and how these lesions evolve into OA [35]. Cicuttini et al. [45] 
demonstrated that patients with tibiofemoral cartilage defects showed significantly 
larger reductions in both tibial and femoral cartilage volume after 2  years of 
follow-up, with medial compartment defects leading to a greater loss of articular 
cartilage. Even in asymptomatic healthy individuals with non-full-thickness medial 
tibiofemoral cartilage defects, without the radiographic knee OA, the presence of 
knee cartilage defects is most likely going to lead to further loss of knee cartilage 
[45, 53]. However, longitudinal studies in symptomatic patients have provided 
conflicting findings [54–57].

5.2.7  Relation to Sports

Sports practice has long been associated with the premature occurrence of OA [58]. 
In fact, there are many studies reporting early OA in athletes that practice football 
but also running, dance, tennis, and other high-impact sports [59–61]. Still, a 
causative association between running and knee OA has not been found and, in fact, 
there is no association between running and knee OA diagnosis and it has even been 
suggested a protective effect against surgery [62–64]. In this sense, either a more 
sedentary lifestyle or long exposure to high-volume and/or high-intensity running 
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are both associated with knee OA [65]. Hence, incidence of knee OA should rather 
be more closely related to higher volume/intensities of exercise and to the sport- 
specific movement patterns.

The most affected athletes are those that play at elite levels and those practicing 
pivoting sports with rapid acceleration/deceleration and high-impact loads on the 
joint [66, 67]. Within this line, football players seem to develop OA 4–5 years earlier 
than the general population, at a higher rate (5–12 times more frequent), with 
incidences varying between 16% and 80% [59, 60] The pathophysiological 
mechanism under the relationship between sports and OA is the magnitude of loads 
transmitted during sports activities. For instance, standing from a chair produces a 
load 3.3-fold the body weight to the knee. However, sports activities can produce 
even higher loads as, for instance, jumping, which applies a 20-fold load the body 
weight, often overloading the knee [58].

5.3  Diagnosis

The diagnosis of early knee OA is complex and multifactorial. In earlier phases, the 
common signs and symptoms may still be cloaked and appear infrequently. 
Moreover, the radiographic evaluation to establish the OA is more challenging and 
arthroscopy procedures are seldom used for solely diagnostic purposes. In these 
earlier phases, the use of MRI is desirable as it is capable of detecting the whole 
spectrum of pathological joint tissue changes. In this sense, and according to the 
criteria defined by Luyten and colleagues [68] and further adapted by Madry et al. 
[69], early knee OA is present when three main criteria are fulfilled:

 1. Presence of knee pain (at least two episodes of pain for more than 10 days in the 
last year)

 2. Standard radiographs Kellgren and Lawrence grades 0–2 (standing weight- 
bearing position with knees in approximately 20° of flexion and the feet in 5° of 
external rotation; the radiographs should be done bilaterally from a posteroanterior 
view in the frontal plane)

 3. At least one of the proposed functional criteria:

 (a) MRI findings demonstrating articular cartilage degeneration and/or menis-
cal degeneration and/or subchondral bone marrow lesions, with at least two 
of the following findings:

 (i) Cartilage morphology WORMS 3–6
 (ii) Cartilage BLOKS grades 2 and 3
 (iii) Meniscus BLOKS grades 3 and 4
 (iv) Bone marrow lesions WORMS 2 and 3
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 (b) Arthroscopic findings of cartilage lesions (ICRS grades 1–4 in at least two 
compartments or grades 2–4 in one compartment with surrounding softening 
and swelling) as shown in Fig. 5.1

Specific classification systems for early knee OA are still under development, 
and for diagnosis the abovementioned criteria have been used.

5.3.1  Clinical Evaluation

Knee pain is the main symptom of knee OA and should be present for at least 
10 days and at least twice in the past, in order to suggest a diagnose of early knee 
OA [68, 69]. The pattern of pain is also associated with the severity of OA and 
usually divided into two stages. The first, happening in early phases of the pathology, 
is mainly associated with local tissue response and peripheral nociceptor activation 
[70]. It is mostly associated with activity [71], especially when climbing up or going 
down the stairs [72]. The second type of pain is often present in later phases of the 
disease, consisting of a persistent unpredictable pain [71]. This is mostly associated 
with central neural processing, as hyperexcitability of the central nervous system 
often occurs in these patents due to chronic nociceptor stimulation [70, 73].

In addition to pain, most patients also report swelling and stiffness. Knee swell-
ing is most often present after sports participation and stiffness after a period of 
inactivity (usually in the morning or in the late evening). Knee stiffness is often 
resolved after a few minutes of exercise. Limitations on the knee range of motion, 
muscle weakness, decreased knee proprioception, and increased knee laxity are also 
often present in these patients and are associated with functional activity restrictions. 
Evaluation of joint space narrowing and crepitus is also important to be included in 
the clinical examination [69].

Fig. 5.1 Arthroscopic 
view of the knee joint 
showing softening and 
fibrillation of the tibial 
plateau cartilage with early 
OA
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5.3.2  Radiography

When the clinical history and examination are suggestive of knee OA, imaging 
studies should be obtained in order to confirm the diagnosis and assess the extent of 
the damage. In this sense, radiographs are the gold standard for the diagnosis of OA 
due to their relative low cost and represent a simple and easily available exam [74].

The commonly used study series in the evaluation of knee OA are similar to the 
one of other joints, consisting on two radiographs obtained in perpendicular planes 
to each other [75]. Anterior–posterior (AP) view should be weight-bearing to allow 
adequate visualization of the joint space (Fig. 5.2). This is mostly important when 
the joint narrowing is still incipient, as the standing position allows a greater 
apposition of the articular surfaces of the femur and tibia [76]. According to Ahlback 
[77], abnormal joint narrowing occurs when, in the standing position, the joint space 
is 3 mm or less or is less than 50% of the other healthy knee. An asymmetric joint 
space is usually the initial change observed in radiographs [75]. If one of the knee 
compartments has a thinner articular cartilage, the joint will narrow on weight- 
bearing. On the other hand, the other side of the joint might open 1–2 mm due to 
weight transfer from one compartment to the other [76]. As the disease progresses, 
other typical changes occur, including the formation of cysts, subchondral sclerosis, 
and osteophytes [75].

When solely an AP or PA view is obtained, about 4–7% of OA cases can be 
missed. The addition of a lateral or a skyline view can increase diagnostic sensibility 

Fig. 5.2 Weight-bearing radiography of the knee showing signs of joint degeneration suggesting 
early knee OA. (A) AP view showing joint line narrowing in the medial compartment and presence 
of osteophyte. (B) Lateral view showing patellofemoral joint degeneration
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(from 73% to 96–97% – when OA is defined as the presence of any osteophyte). 
The former might be easier to obtain for the simplicity of its acquisition, sparing the 
need for a highly trained technician [78].

The gold standard radiographic classification is the Kellgren and Lawrence grad-
ing, subgrouping the arthritic changes into five groups [68, 69]:

• Grade 0: no changes
• Grade 1: possible narrowing of the joint space and possible osteophytic process
• Grade 2: osteophytes and possible narrowing of the joint space
• Grade 3: osteophytes, narrowing of the joint space, some degree of sclerosis and 

possible bone deformity
• Grade 4: large osteophytes, marked narrowing of the joint line, severe sclerosis 

and bone deformity.

Nevertheless, it has to be taken into account that this classification lacks preci-
sion, especially in the evaluation of earlier stages of OA. Still, Kellgren–Lawrence 
grades 0–2 (osteophytes only) are suggestive of initial stages of knee OA [69]. 
Additionally, AP long-axis views are centered at the knee and include the full length 
of the limb. They are also acquired in the standing position. These are adequate for 
the evaluation of axis alignment as well as leg length discrepancy [79], whose main 
purpose is to obtain an adequate preoperative planning for either osteotomies or 
total knee replacements [80]. Hence, this view might be of interest only upon surgi-
cal planning and postoperative follow-up.

5.3.3  MRI

The MRI due to its capability of detecting the whole spectrum of pathological joint 
tissue changes is the preferable imaging procedure to detect early knee OA. MRI is 
a noninvasive imaging study that has the advantage of allowing the evaluation of 
soft tissue with high contrast, thus providing information on the status of the 
articular cartilage, menisci, and ligaments [81]. On the other hand, knee radiographs 
allow the detection of joint space narrowing, which is an indirect measurement of 
the amount of articular cartilage. However, it is known that changes happen at the 
level of the cartilage long before any manifestation is detected on the radiographs. 
In this sense, the first radiographic abnormalities are only visible when more than 
10% of the cartilage volume is lost [82]. In this sense, cartilage loss usually starts 
around the 40 years old with normal radiological findings, with about 5% of the 
cartilage volume is lost each year in patients with established OA [83].

MRI identifies with more feasibility patients with tricompartmental OA, whose 
radiographs or CT scans were misleading, showing only bicompartmental OA [81]. 
However, the question that is raised is whether there is a favorable benefit/cost 
relation concerning the evaluation of these patients using MRI [84]. As a matter of 
fact, when considering early OA of the knee, especially if considering high-demand 
individuals, MRI can provide crucial information, namely, a better knowledge of the 
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stage of the disease and the diagnosis of soft-tissue injuries closely related to the 
development of OA (such as meniscal tears or ligament rupture). Moreover, it 
allows the diagnosis of early stages of OA without radiographic repercussion [81] 
and may play an important role in classification systems [68].

5.4  Treatment in Early OA

5.4.1  Objectives

The objectives of the available treatment options are to decrease pain and swelling, 
improve knee function, allow the return to sports or working activities, and delay 
the disease progression.

5.4.2  Daily Life Changes

• Weight Management

The American College of Rheumatology and the OA Research Society 
International recommend overweight patients with knee OA to implement strategies 
to lose weight [85, 86]. In this sense, the weight loss might reduce pain and physical 
disability in these patients [87], and a weight loss of 0.25% per week should be 
achieved [85].

• Exercise

The American College of Rheumatology recommends patients with symptom-
atic knee OA to comply with exercise programs [86]. Aquatic exercise seems to 
have benefits in both function and quality of life, although improvement in pain is 
only discrete [88, 89]. In this sense, land-based exercises seem to achieve higher 
improvements in pain and physical function [85], providing short-term benefits that 
are often sustained for 2–6 months after treatment cessation and comparable with 
the estimates reported for nonsteroidal anti-inflammatory drugs (NSAIDs) [90]. 
Strength training has also been associated with an improvement in pain and physical 
function [91]. In this sense, isometric, isotonic, and isokinetic strengthening and 
aerobic activities (e.g., walking, cycling, or jogging) have similar outcomes, and the 
choice will depend upon the specific and individual patient’s characteristics [92]. 
Within this line, education of the patient plays a fundamental role to increase the 
patient’s adherence, compliance, and long-term maintenance of regular exercise 
implying a social commitment and continuous improvement of self-management 
skills [93–95].

In summary, the patient should adequate the exercise to his physical condition. 
Deconditioned patients should consider initiating an aquatic exercise program and 
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progress to land-based exercises and strength training as the aerobic conditioning 
improves [86].

Several randomized controlled trials have showed the efficacy of muscle strength-
ening exercises with or without weight-bearing and aerobic exercises for pain relief 
in people with knee osteoarthritis [96–99]. In this sense, it has been recommended 
that the therapeutic exercise programs focus on improving aerobic capacity, quadri-
ceps muscle strength, and lower extremity performance, carried out three times a 
week under supervision [97]. Additionally, since pain and psychological distress 
often lead to avoidance of activities and consequently to muscle weakness and 
activity restrictions [100, 101], education of the patient should also be included and 
associated to the other treatments being applied aiming the enhancement of the 
outcomes achieved [102–104].

5.4.3  Pharmacological Interventions

• NSAIDs and Tramadol

For patients with symptomatic OA, the American Academy of Orthopaedic 
Surgeons (AAOS) recommends the use of NSAIDs or tramadol. On the other hand, 
the use of acetaminophen, opioids, and pain patches is not recommended, as the 
effect is not shown to be superior to placebo [105]. Among the numerous 
pharmaceutical agents, acetaminophen is usually recommended as a first-line 
therapy for the management of OA pain; however, when it is ineffective, the NSAIDs 
are the second choice [106, 107]. In a network meta-analysis, comparing three 
different classes of pharmacological interventions, including oral NSAIDs 
(diclofenac, naproxen, piroxicam), potent opioids (hydromorphone, oxycodone), or 
less potent opioids (tramadol) for knee OA, found that the three approaches provided 
similar outcomes in terms of pain reduction and functional improvements [108].

• Glucosamine and Chondroitin

The OA Research Society International (OARSI)  does not recommend the use 
of either chondroitin or glucosamine for disease modification, due to conflicting 
results reported. Moreover, their use for symptom relief are still uncertain [85].

• Viscosupplementation

Hyaluronic acid is a component of human cartilage and synovial fluid [109], with 
a normal concentration in the adult knee of 2.5–4.0 mg/mL [110]. It has an important 
role in shock absorption and lubrication [111]. In patients with OA, a depolymerization 
of hyaluronic acid occurs, and it is cleared faster [112, 113], leading to a loss of the 
normal viscoelasticity of the synovial fluid [109]. Intra-articular injections of 
hyaluronic acid have the main goal of lubricating the joint and restoring 
viscoelasticity [109]. Additional supposed effects are analgesia, anti-inflammatory 
effect, and eventual chondroprotection [110]. Nevertheless, scientific evidence is 
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not clear regarding the benefits of hyaluronic acid. In fact, studies have contradictory 
results [109], which led the OARSI to provide an uncertain recommendation for the 
use of hyaluronic acid in patients with knee OA [85]. The AAOS, on the other hand, 
recommends against the use of hyaluronic acid for symptomatic knee OA, as 
scientific literature that shows beneficial effects did not achieve the minimum 
clinically important improvement thresholds [105]. Before the recommendation of 
its use, the true benefits of intra-articular injections of hyaluronic acid in early 
stages of knee OA need to be assessed through well-designed randomized controlled 
trials.

• Intra-articular Corticosteroids

The OARSI considers the use of intra-articular corticosteroids adequate for pain 
relief in patients with OA [85]. On the other hand, the AAOS does not recommend 
for or is against its use, as studies testing intra-articular corticosteroids display 
methodological limitations and conflicting results [105].

The effects of corticosteroid injections usually last up to 4 weeks. Due to the 
deleterious effects of large doses and its continuous use, their use should respect the 
empirical 3-month rule (time lapse from each injection) [114]. Additionally, their 
use should be limited in patients presenting early OA with prevalent synovitis after 
the failure of common nonsurgical therapies [106].

5.4.4  Surgical Treatments

• Arthroscopic Procedures

Arthroscopic procedures for treating knee OA include joint lavage and debride-
ment which, theoretically, remove debris and inflammatory cytokines from inside 
the joint [115, 116]. Additionally, loose bodies can also be removed [117]. Despite 
the theoretical advantages and its wide use, the role of arthroscopy in knee OA is 
still controversial [117, 118]. In fact, systematic reviews and meta-analyses have 
shown that joint lavage alone or in combination with steroid injection do not lead to 
clinically relevant benefits in patients with knee OA and there is no evidence that 
arthroscopic debridement has benefit for OA [119–121].

Adequate patient selection is crucial for the success of these interventions. Those 
that mostly benefit from this surgery are middle-aged patients with early OA or 
those with meniscal tears and/or cartilage flaps which did not responded to 
conservative measures [117]. Arthroscopic debridement provides only short-term 
symptoms relief and should not be used routinely [117, 122].

• Cartilage Repair and Reconstruction Techniques

Techniques for cartilage repair have been proposed due the knowledge of the 
lack of repair capacity of the articular cartilage [123]. Different techniques have 
been described including drilling and microfractures, autologous chondrocyte 
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implantation, and cell-free implant or even replacement techniques, such as autolo-
gous or allographic osteochondral transplantation (either single plug or mosaic-
plasty) [117, 124, 125]. However, these cartilage procedures have limited indications, 
as those patients that might benefit from them do not actually have OA but small-
sized cartilage lesions that may evolve to generalized OA.  It must be taken into 
account that the technical success will be limited by other factors promoting OA, 
including limb malalignment, ligamentous instability, or patella maltracking, which 
must be addressed properly to delay the development of the OA [117].

In summary, although cartilage repair and reconstruction techniques have shown 
good to excellent outcomes in focal articular cartilage injuries of the knee, their role 
on early knee OA is still limited as they do not address other key aspects of early 
OA, such as degenerative and inflammatory joint environment or unfavorable 
genetic factors [124].

• Meniscal Replacement

Meniscal replacement using cell-free scaffolds following partial meniscectomy 
have been proposed as a viable option for symptomatic OA, aiming the improvement 
of symptoms while potentially delaying the progression of joint degeneration. 
While it is optimal for earlier stages of knee OA, their use is not recommended for 
grade 3–4 OA [27].

Meniscal allograft replacement is indicated in patients with a previous total men-
iscectomy presenting localized pain in the meniscus-deficient compartment 
(Fig. 5.3). Additionally, the surgeon must certify that the patient has a stable knee 
joint, no malalignment, and the articular cartilage with only minor evidence of 
degenerative changes (under grade 3 according to the ICRS score) [27]. However, 
there is still little evidence showing that meniscal allograft replacement reduces the 
progression of osteoarthritis and that the allographic meniscal tissue is as effective 
as the native meniscus [126].

Fig. 5.3 Meniscal allograft transplantation. (A) Measuring the meniscal allograft. (B) All-inside 
meniscal suture
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These findings highlight the important role of the menisci in the load transmis-
sion and protection of the underlying articular cartilage [29]. Hence, to prevent and 
delay the onset or development of knee OA, meniscal injuries should be treated 
whenever indicated, and meniscal tissue should be preserved as much as possible.

• Load-Modifying Procedures

 (a) Osteotomies

Osteotomies have been performed since the nineteenth century [127] and are 
indicated for unicompartmental OA with an associated varus or valgus deformity 
[117]. The osteotomy can be either femoral or tibial and open or close-wedged. This 
surgical technique is highly differentiated and more demanding than a total knee 
replacement [117]. The objective of the procedure is to change the mechanical axis 
of the lower limb, in order to transfer load from the more damaged compartment to 
the healthy one, slowing joint degeneration [128].

As for other surgical procedures, the most important to obtain a good clinical 
result is a good patient selection. The patient should be younger than 60–65 and 
should not have symptomatic femoropatellar OA, and the knee should be stable. 
However, if an ACL tear exists, a reconstruction can be made at the same time as the 
osteotomy [129]. Though, these interventions should be avoided in patients that are 
overweighed or have chondrocalcinosis [117].

Joint unloading through high tibial osteotomy (HTO) has been traditionally 
applied as conservative intervention to delay the OA progression. Better outcomes 
are reported when the HTO is applied in earlier OA stages [130]. A Cochrane 
systematic review showed that HTO is effective in reducing pain and improving 
knee function in patients with medial knee OA; however, there is still lack of 
comparative studies against other surgical options or nonoperative treatment to 
assess if HTO is more effective than other treatments for knee OA [131]. Nonetheless, 
HTO has showed positive outcomes [132] with a survival rate of 70–97.6% at 
10  years [133]. The survival rate is increased when the HTO is performed in 
association with a cartilage procedure, but it is well known that in both approaches, 
the outcomes deteriorate overtime [134, 135].

 (b) Knee Distraction

This surgical procedure uses external fixators to make distraction over the knee joint 
[118]. It was initially used for the treatment of malalignment and joint contracture 
[136]. The objective is the reduction of mechanical stress, allowing for cartilage repair 
[118]. Many devices have been developed for this purpose showing promising early 
results [137–139, 136]. Interestingly, MRI studies showed that denuded bone area 
diminished in size after knee distraction, suggesting a mechanism of cartilage repair 
[136]. Patients also seem to have symptomatology benefits from this intervention [118].

• Joint Replacement

Knee replacement is not routinely indicated in patients with early knee OA, and 
if performed, the achieved results are worse [140, 141]. Total or unicompartmental 
knee arthroplasty is more indicated for end-stage joint OA.
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5.4.5  Biological Treatments: Injections

• PRP (Platelet-Rich Plasma)

Platelets contain alpha-granules comprising a variety of growth factors which 
can change these events of OA [142]. In fact, PRP decreases catabolic reactions, 
promoting anabolism and chondral remodeling [143]. Additionally, the inflammatory 
response is downregulated [144, 145], which might justify the pain improvement 
seen in these patients [143].

There is a trend toward the study of PRP in OA, with most studies showing prom-
ising results in the improvement of pain and knee scores [146–150]. Nevertheless, 
many controversies still exist about the treatment with PRP, namely, the adequate 
dosage schedule. Literature diverges in this matter, with authors varying not only the 
number of injections but also the optimal timing, frequency, and dose–response, 
preparation methods and reporting of injection procedures, platelet concentration and 
growth factor levels, confounders (including degree of injury, comorbidities, use of 
anti-inflammatory agents), and variability in control groups (e.g., anti-inflammatory 
drugs or saline). According to Dhillon et al. [143], single injections achieve results as 
good as those for two injections, but these results are not consistent as Görmelli et al. 
[151] showed that knee improvement was better with three injections.

The addition of PRP to articular cartilage surgical procedures through PRP- 
augmented scaffolds have shown promising beneficial results in the articular 
cartilage repair process in animals and humans based on macroscopic, histologic, 
and biochemical analysis and based on clinical outcome scores, respectively [152].

PRP seems to be a potential tool in the treatment of symptomatic OA; however, 
guidelines for its use are still scarce. As a matter of fact, the AAOS guidelines for 
the treatment of knee OA state that the use of PRP is inconclusive, since the existing 
studies do not provide a comparative analysis of clinical effectiveness [105].

• Stem Cells

Mesenchymal stem cells have the ability to proliferate, regenerate, and differen-
tiate into more specialized cells [153, 154]. They have been widely used for their 
additional anti-inflammatory properties, along with their ability to stimulate cell 
repair and proliferation [154]. Studies have been conducted in order to test the 
safety and benefits of stem cell injection in knee OA.

Clinical trials seem to lead to positive and promising results in patients with knee 
OA [155–159]. Nevertheless, in the absence of high-level evidence of its effective-
ness, the use of stem cell therapy for knee OA is still not recommended [160].

5.5  Conclusions

Knee OA is a common disease that affects an important percentage of the popula-
tion throughout their life. Nowadays, with an increased trend for sports practice, OA 
occurs at younger ages, and people are less amenable to change their lifestyles, 
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stimulating the development of novel and more effective approaches. Classification 
systems adequate for early OA are still lacking, and treatment is still insufficient for 
the requirements of an active population. Nonsurgical treatment is often the first- 
line option and is mainly based on daily life adaptations, weight loss, and exercise, 
with pharmacological agents having only a symptomatic role. Surgical treatment 
shows consistent results and however is more invasive and more prone to 
complications. The treatment of early OA is an emerging field due to the high 
incidence of the pathology and high requirements of the affected individuals.

References

 1. Brandt K, Radin E, Dieppe P, Van De Putte L (2006) Yet more evidence that osteoarthritis is 
not a cartilage disease. Ann Rheum Dis 65(10):1261–1264

 2. Lawrence RC, Felson DT, Helmick CG, Arnold LM, Choi H, Deyo RA, Gabriel S, Hirsch 
R, Hochberg MC, Hunder GG (2008) Estimates of the prevalence of arthritis and other rheu-
matic conditions in the United States: part II. Arthritis Rheumatol 58(1):26–35

 3. World Health Organization. Chronic diseases and health promotion. http://www.who.int/chp/
topics/rheumatic/en/. Accessed 18/10/2017

 4. He W, Goodkind D, Kowal P (2016) Census Bureau, international population reports. 
P95/16–1, An Aging World: 2015. US Government Publishing Office, Washington, DC

 5. Fehring TK, Odum SM, Troyer JL, Iorio R, Kurtz SM, Lau EC (2010) Joint replacement 
access in 2016: a supply side crisis. J Arthroplast 25(8):1175–1181

 6. Madry H, Luyten FP, Facchini A (2012) Biological aspects of early osteoarthritis. Knee Surg 
Sports Traumatol Arthrosc 20(3):407–422

 7. Favero M, Ramonda R, Goldring MB, Goldring SR, Punzi L (2015) Early knee osteoarthritis. 
RMD Open 1(Suppl 1):e000062

 8. Clement N (2013) Is osteoarthritis of the knee hereditary? A Review of the Literature. 
Hereditary Genet 1:2161–1041

 9. Fernández-Moreno M, Rego I, Carreira-Garcia V, Blanco FJ (2008) Genetics in osteoarthri-
tis. Curr Genomics 9(8):542–547

 10. Valdes AM, Spector TD (2011) Genetic epidemiology of hip and knee osteoarthritis. Nat Rev 
Rheumatol 7(1):23–32

 11. Neame R, Muir K, Doherty S, Doherty M (2004) Genetic risk of knee osteoarthritis: a sibling 
study. Ann Rheum Dis 63(9):1022–1027

 12. Cicuttini FM, Spector TD (1996) Genetics of osteoarthritis. Ann Rheum Dis 55(9):665–667
 13. Mustafa Z, Chapman K, Irven C, Carr A, Clipsham K, Chitnavis J, Sinsheimer J, Bloomfield 

V, McCartney M, Cox O (2000) Linkage analysis of candidate genes as susceptibility loci for 
osteoarthritis—suggestive linkage of COL9A1 to female hip osteoarthritis. Rheumatology 
(Oxford) 39(3):299–306

 14. Zhai G, Rivadeneira F, Houwing-Duistermaat J, Meulenbelt I, Bijkerk C, Hofman A, van 
Meurs J, Uitterlinden A, Pols H, Slagboom P (2004) Insulin-like growth factor I gene pro-
moter polymorphism, collagen type II α1 (COL2A1) gene, and the prevalence of radio-
graphic osteoarthritis: the Rotterdam Study. Ann Rheum Dis 63(5):544–548

 15. Peyron J, Altman R (1984) The epidemiology of osteoarthritis. In: Osteoarthritis diagnosis 
and treatment. WB Saunders, Philadelphia, pp 9–27

 16. O'Connor MI (2006) Osteoarthritis of the hip and knee: sex and gender differences. Orthop 
Clin North Am 37(4):559–568

 17. Faber S, Eckstein F, Lukasz S, Mühlbauer R, Hohe J, Englmeier K-H, Reiser M (2001) 
Gender differences in knee joint cartilage thickness, volume and articular surface areas: 
assessment with quantitative three-dimensional MR imaging. Skelet Radiol 30(3):144–150

5 Clinical Management in Early OA

http://www.who.int/chp/topics/rheumatic/en/
http://www.who.int/chp/topics/rheumatic/en/


128

 18. Hsu RW, Himeno S, Coventry MB, Chao EY (1990) Normal axial alignment of the lower 
extremity and load-bearing distribution at the knee. Clin Orthop Relat Res 255:215–227

 19. Poilvache PL, Insall JN, Scuderi GR, Font-Rodriguez DE (1996) Rotational landmarks and 
sizing of the distal femur in total knee arthroplasty. Clin Orthop Relat Res 331:35–46

 20. Hitt K, Shurman JR, Greene K, McCarthy J, Moskal J, Hoeman T, Mont MA (2003) 
Anthropometric measurements of the human knee: correlation to the sizing of current knee 
arthroplasty systems. J Bone Joint Surg Am 85(suppl 4):115–122

 21. Fernandes MS, Pereira R, Andrade R, Vasta S, Pereira H, Pinheiro JP, Espregueira-Mendes 
J (2017) Is the femoral lateral condyle’s bone morphology the trochlea of the ACL? Knee 
Surg Sports Traumatol Arthrosc 25(1):207–214

 22. Abrams GD, Frank RM, Gupta AK, Harris JD, McCormick FM, Cole BJ (2013) Trends 
in meniscus repair and meniscectomy in the United States, 2005-2011. Am J Sports Med 
41(10):2333–2339

 23. Mitchell J, Graham W, Best TM, Collins C, Currie DW, Comstock RD, Flanigan DC (2016) 
Epidemiology of meniscal injuries in US high school athletes between 2007 and 2013. Knee 
Surg Sports Traumatol Arthrosc 24(3):715–722

 24. Baker P, Coggon D, Reading I, Barrett D, McLaren M, Cooper C (2002) Sports injury, occu-
pational physical activity, joint laxity, and meniscal damage. J Rheumatol 29(3):557–563

 25. Draijer L, Belo J, Berg H, Geijer R, Goudswaard A (2010) Summary of the practice guideline 
Traumatic knee problems'(first revision) from the Dutch College of General Practitioners. 
Ned Tijdschr Geneeskd 154:A2225–A2225

 26. Paxton ES, Stock MV, Brophy RH (2011) Meniscal repair versus partial meniscectomy: 
a systematic review comparing reoperation rates and clinical outcomes. Arthroscopy 
27(9):1275–1288

 27. Verdonk R, Madry H, Shabshin N, Dirisamer F, Peretti GM, Pujol N, Spalding T, Verdonk P, 
Seil R, Condello V (2016) The role of meniscal tissue in joint protection in early osteoarthri-
tis. Knee Surg Sports Traumatol Arthrosc 24(6):1763–1774

 28. Ziegler R, Goebel L, Seidel R, Cucchiarini M, Pape D, Madry H (2015) Effect of open wedge 
high tibial osteotomy on the lateral tibiofemoral compartment in sheep. Part III: analysis of 
the microstructure of the subchondral bone and correlations with the articular cartilage and 
meniscus. Knee Surg Sports Traumatol Arthrosc 23(9):2704–2714

 29. Englund M, Lohmander L (2004) Risk factors for symptomatic knee osteoarthritis fifteen to 
twenty-two years after meniscectomy. Arthritis Rheumatol 50(9):2811–2819

 30. Peretti GM, Gill TJ, Xu J-W, Randolph MA, Morse KR, Zaleske DJ (2004) Cell-based ther-
apy for meniscal repair. Am J Sports Med 32(1):146–158

 31. Gomoll AH, Angele P, Condello V, Madonna V, Madry H, Randelli P, Shabshin N, Verdonk 
P, Verdonk R (2016) Load distribution in early osteoarthritis. Knee Surg Sports Traumatol 
Arthrosc 24(6):1815–1825

 32. Tanamas S, Hanna FS, Cicuttini FM, Wluka AE, Berry P, Urquhart DM (2009) Does knee 
malalignment increase the risk of development and progression of knee osteoarthritis? A 
systematic review. Arthritis Care Res (Hoboken) 61(4):459–467

 33. Brouwer G, Van Tol A, Bergink A, Belo J, Bernsen R, Reijman M, Pols H, Bierma-Zeinstra 
S (2007) Association between valgus and varus alignment and the development and progres-
sion of radiographic osteoarthritis of the knee. Arthritis Rheumatol 56(4):1204–1211

 34. Burstein A, Wright T (1994) Joint stability. In: Burstein A, Wright T (eds) Fundamentals of 
orthopedic biomechanics, 1st edn. Williams & Wilkins, Baltimore, pp 63–93

 35. Heijink A, Gomoll AH, Madry H, Drobnič M, Filardo G, Espregueira-Mendes J, Van Dijk 
CN (2012) Biomechanical considerations in the pathogenesis of osteoarthritis of the knee. 
Knee Surg Sports Traumatol Arthrosc 20(3):423–435

 36. Fitzgerald GK, Piva SR, Irrgang JJ (2004) Reports of joint instability in knee osteoar-
thritis: its prevalence and relationship to physical function. Arthritis Care Res (Hoboken) 
51(6):941–946

 37. van der Esch M, Knoop J, van der Leeden M, Voorneman R, Gerritsen M, Reiding D, 
Romviel S, Knol DL, Lems WF, Dekker J (2012) Self-reported knee instability and activity 

R. Grazina et al.



129

limitations in patients with knee osteoarthritis: results of the Amsterdam osteoarthritis cohort. 
Clin Rheumatol 31(10):1505–1510

 38. Knoop J, Van Der Leeden M, Van Der Esch M, Thorstensson CA, Gerritsen M, Voorneman 
RE, Lems WF, Roorda LD, Dekker J, Steultjens MP (2012) Association of lower muscle 
strength with self-reported knee instability in osteoarthritis of the knee: results from the 
Amsterdam Osteoarthritis Cohort. Arthritis Care Res (Hoboken) 64(1):38–45

 39. Clayton RA, Court-Brown CM (2008) The epidemiology of musculoskeletal tendinous and 
ligamentous injuries. Injury 39(12):1338–1344

 40. Majewski M, Susanne H, Klaus S (2006) Epidemiology of athletic knee injuries: a 10-year 
study. Knee 13(3):184–188

 41. Griffin LY, Albohm MJ, Arendt EA, Bahr R, Beynnon BD, Demaio M, Dick RW, Engebretsen 
L, Garrett WE Jr, Hannafin JA, Hewett TE, Huston LJ, Ireland ML, Johnson RJ, Lephart S, 
Mandelbaum BR, Mann BJ, Marks PH, Marshall SW, Myklebust G, Noyes FR, Powers C, 
Shields C Jr, Shultz SJ, Silvers H, Slauterbeck J, Taylor DC, Teitz CC, Wojtys EM, Yu B 
(2006) Understanding and preventing noncontact anterior cruciate ligament injuries: a review 
of the Hunt Valley II meeting, January 2005. Am J Sports Med 34(9):1512–1532

 42. Ajuied A, Wong F, Smith C, Norris M, Earnshaw P, Back D, Davies A (2014) Anterior cruci-
ate ligament injury and radiologic progression of knee osteoarthritis: a systematic review and 
meta-analysis. Am J Sports Med 42(9):2242–2252

 43. Risberg MA, Oiestad BE, Gunderson R, Aune AK, Engebretsen L, Culvenor A, Holm I (2016) 
Changes in knee osteoarthritis, symptoms, and function after anterior cruciate ligament 
reconstruction: a 20-year prospective follow-up study. Am J Sports Med 44(5):1215–1224

 44. Øiestad BE, Holm I, Aune AK, Gunderson R, Myklebust G, Engebretsen L, Fosdahl MA, 
Risberg MA (2010) Knee function and prevalence of knee osteoarthritis after anterior cru-
ciate ligament reconstruction: a prospective study with 10 to 15 years of follow-up. Am 
J Sports Med 38(11):2201–2210

 45. Cicuttini F, Ding C, Wluka A, Davis S, Ebeling PR, Jones G (2005) Association of cartilage 
defects with loss of knee cartilage in healthy, middle-age adults: a prospective study. Arthritis 
Rheumatol 52(7):2033–2039

 46. Curl WW, Krome J, Gordon ES, Rushing J, Smith BP, Poehling GG (1997) Cartilage injuries: 
a review of 31,516 knee arthroscopies. Arthroscopy 13(4):456–460

 47. Hjelle K, Solheim E, Strand T, Muri R, Brittberg M (2002) Articular cartilage defects in 
1,000 knee arthroscopies. Arthroscopy 18(7):730–734

 48. Ding C, Garnero P, Cicuttini F, Scott F, Cooley H, Jones G (2005) Knee cartilage defects: 
association with early radiographic osteoarthritis, decreased cartilage volume, increased joint 
surface area and type II collagen breakdown. Osteoarthr Cartil 13(3):198–205

 49. Mithoefer K, Hambly K, Della Villa S, Silvers H, Mandelbaum BR (2009) Return to sports 
participation after articular cartilage repair in the knee scientific evidence. Am J Sports Med 
37(1 suppl):167S–176S

 50. Krych AJ, Pareek A, King AH, Johnson NR, Stuart MJ, Williams RJ (2016) Return to sport 
after the surgical management of articular cartilage lesions in the knee: a meta-analysis. Knee 
Surg Sports Traumatol Arthrosc 25(10):3186–3196

 51. Campbell AB, Pineda M, Harris JD, Flanigan DC (2016) Return to sport after articular 
cartilage repair in athletes’ knees: a systematic review. Arthroscopy 32(4):651–668. e651

 52. Andrade R, Vasta S, Papalia R, Pereira H, Oliveira JM, Reis RL, Espregueira-Mendes 
J (2016) Prevalence of articular cartilage lesions and surgical clinical outcomes in football 
(soccer) players’ knees: a systematic review. Arthroscopy 32(7):1466–1477

 53. Wang Y, Ding C, Wluka A, Davis S, Ebeling P, Jones G, Cicuttini F (2005) Factors affect-
ing progression of knee cartilage defects in normal subjects over 2 years. Rheumatology 
(Oxford) 45(1):79–84

 54. Davies-Tuck M, Wluka A, Wang Y, Teichtahl A, Jones G, Ding C, Cicuttini F (2008) The 
natural history of cartilage defects in people with knee osteoarthritis. Osteoarthr Cartil 
16(3):337–342

5 Clinical Management in Early OA



130

 55. Ding C, Cicuttini F, Scott F, Cooley H, Boon C, Jones G (2006) Natural history of knee 
cartilage defects and factors affecting change. Arch Intern Med 166(6):651–658

 56. Hunter DJ, Zhang Y, Niu J, Goggins J, Amin S, LaValley MP, Guermazi A, Genant H, Gale 
D, Felson DT (2006) Increase in bone marrow lesions associated with cartilage loss: a 
longitudinal magnetic resonance imaging study of knee osteoarthritis. Arthritis Rheumatol 
54(5):1529–1535

 57. Amin S, LaValley MP, Guermazi A, Grigoryan M, Hunter DJ, Clancy M, Niu J, Gale DR, 
Felson DT (2005) The relationship between cartilage loss on magnetic resonance imaging and 
radiographic progression in men and women with knee osteoarthritis. Arthritis Rheumatol 
52(10):3152–3159

 58. Vannini F, Spalding T, Andriolo L, Berruto M, Denti M, Espregueira-Mendes J, Menetrey J, 
Peretti G, Seil R, Filardo G (2016) Sport and early osteoarthritis: the role of sport in aetiol-
ogy, progression and treatment of knee osteoarthritis. Knee Surg Sports Traumatol Arthrosc 
24(6):1786–1796

 59. Krajnc Z, Vogrin M, Rečnik G, Crnjac A, Drobnič M, Antolič V (2010) Increased risk of knee 
injuries and osteoarthritis in the non-dominant leg of former professional football players. 
Wien Klin Wochenschr 122:40–43

 60. Kuijt M-TK, Inklaar H, Gouttebarge V, Frings-Dresen MH (2012) Knee and ankle osteoar-
thritis in former elite soccer players: a systematic review of the recent literature. J Sci Med 
Sport 15(6):480–487

 61. Spector TD, Harris PA, Hart DJ, Cicuttini FM, Nandra D, Etherington J, Wolman RL, Doyle 
DV (1996) Risk of osteoarthritis associated with long-term weight-bearing sports: a radio-
logic survey of the hips and knees in female ex-athletes and population controls. Arthritis 
Rheumatol 39(6):988–995

 62. Timmins KA, Leech RD, Batt ME, Edwards KL (2017) Running and knee osteoarthritis: a 
systematic review and meta-analysis. Am J Sports Med 45(6):1447–1457

 63. Miller RH (2017) Joint loading in runners does not initiate knee osteoarthritis. Exerc Sport 
Sci Rev 45(2):87–95

 64. Bastick AN, Belo JN, Runhaar J, Bierma-Zeinstra SM (2015) What are the prognostic factors 
for radiographic progression of knee osteoarthritis? A meta-analysis. Clin Orthop Relat Res 
473(9):2969–2989

 65. Alentorn-Geli E, Samuelsson K, Musahl V, Green CL, Bhandari M, Karlsson J (2017) The 
Association of recreational and competitive running with hip and knee osteoarthritis: a sys-
tematic review and meta-analysis. J Orthop Sports Phys Ther 47(6):373–390

 66. Kujala UM, Kaprio J, Sarno S (1994) Osteoarthritis of weight bearing joints of lower limbs 
in former elite male athletes. BMJ 308(6923):231–234

 67. Saxon L, Finch C, Bass S (1999) Sports participation, sports injuries and osteoarthritis. 
Sports Med 28(2):123–135

 68. Luyten FP, Denti M, Filardo G, Kon E, Engebretsen L (2012) Definition and classification of 
early osteoarthritis of the knee. Knee Surg Sports Traumatol Arthrosc 20(3):401–406

 69. Madry H, Kon E, Condello V, Peretti GM, Steinwachs M, Seil R, Berruto M, Engebretsen 
L, Filardo G, Angele P (2016) Early osteoarthritis of the knee. Knee Surg Sports Traumatol 
Arthrosc 24(6):1753–1762

 70. Malfait A-M, Schnitzer TJ (2013) Towards a mechanism-based approach to pain manage-
ment in osteoarthritis. Nat Rev Rheumatol 9(11):654–664

 71. Neogi T (2013) The epidemiology and impact of pain in osteoarthritis. Osteoarthr Cartil 
21(9):1145–1153

 72. Hensor E, Dube B, Kingsbury SR, Tennant A, Conaghan PG (2015) Toward a clinical defini-
tion of early osteoarthritis: onset of patient-reported knee pain begins on stairs. Data from the 
osteoarthritis initiative. Arthritis Care Res (Hoboken) 67(1):40–47

 73. Finan PH, Buenaver LF, Bounds SC, Hussain S, Park RJ, Haque UJ, Campbell CM, 
Haythornthwaite JA, Edwards RR, Smith MT (2013) Discordance between pain and radio-
graphic severity in knee osteoarthritis: findings from quantitative sensory testing of central 
sensitization. Arthritis Rheumatol 65(2):363–372

R. Grazina et al.



131

 74. Buckland-Wright J  (1994) Quantitative radiography of osteoarthritis. Ann Rheum Dis 
53(4):268

 75. Swagerty D, Hellinger D (2001) Radiographic assessment of osteoarthritis. Am Fam 
Physician 64(2):279–288

 76. Leach RE, Gregg T, Siber FJ (1970) Weight-bearing radiography in osteoarthritis of the knee. 
Radiology 97(2):265–268

 77. Ahlbäck S (1968) Osteoarthrosis of the knee. A radiographic investigation. Acta Radiol 
Diagn (Stockh) Suppl 277:7–72

 78. Chaisson C, Gale D, Gale E, Kazis L, Skinner K, Felson D (2000) Detecting radiographic 
knee osteoarthritis: what combination of views is optimal? Rheumatology (Oxford) 
39(11):1218–1221

 79. Sabharwal S, Zhao C (2008) Assessment of lower limb alignment: supine fluoroscopy com-
pared with a standing full-length radiograph. J Bone Joint Surg Am 90(1):43–51

 80. Matos LF, Giordano M, Cardoso GN, Farias RB (2015) Comparative radiographic analysis 
on the anatomical axis in knee osteoarthritis cases: inter and intraobserver evaluation. Rev 
Bras Ortop 50(3):283–289

 81. Chan WP, Lang P, Stevens MP, Sack K, Majumdar S, Stoller DW, Basch C, Genant HK 
(1991) Osteoarthritis of the knee: comparison of radiography, CT, and MR imaging to assess 
extent and severity. AJR Am J Roentgenol 157(4):799–806

 82. Burgkart R, Glaser C, Hinterwimmer S, Hudelmaier M, Englmeier KH, Reiser M, Eckstein F 
(2003) Feasibility of T and Z scores from magnetic resonance imaging data for quantification 
of cartilage loss in osteoarthritis. Arthritis Rheumatol 48(10):2829–2835

 83. Cicuttini FM, Jones G, Forbes A, Wluka AE (2004) Rate of cartilage loss at two years predicts 
subsequent total knee arthroplasty: a prospective study. Ann Rheum Dis 63(9):1124–1127

 84. Menashe L, Hirko K, Losina E, Kloppenburg M, Zhang W, Li L, Hunter DJ (2012) The 
diagnostic performance of MRI in osteoarthritis: a systematic review and meta-analysis. 
Osteoarthr Cartil 20(1):13–21

 85. McAlindon TE, Bannuru RR, Sullivan M, Arden N, Berenbaum F, Bierma-Zeinstra S, Hawker 
G, Henrotin Y, Hunter D, Kawaguchi H (2014) OARSI guidelines for the non- surgical man-
agement of knee osteoarthritis. Osteoarthr Cartil 22(3):363–388

 86. Hochberg MC, Altman RD, April KT, Benkhalti M, Guyatt G, McGowan J, Towheed T, 
Welch V, Wells G, Tugwell P (2012) American College of Rheumatology 2012 recommenda-
tions for the use of nonpharmacologic and pharmacologic therapies in osteoarthritis of the 
hand, hip, and knee. Arthritis Care Res (Hoboken) 64(4):465–474

 87. Christensen R, Bartels EM, Astrup A, Bliddal H (2007) Effect of weight reduction in obese 
patients diagnosed with knee osteoarthritis: a systematic review and meta-analysis. Ann 
Rheum Dis 66(4):433–439

 88. Bartels EM, Juhl CB, Christensen R, Hagen KB, Danneskiold-Samsøe B, Dagfinrud H, Lund 
H (2016) Aquatic exercise for the treatment of knee and hip osteoarthritis. Cochrane Libr. 
https://doi.org/10.1002/14651858.CD005523.pub3

 89. Lu M, Su Y, Zhang Y, Zhang Z, Wang W, He Z, Liu F, Li Y, Liu C, Wang Y (2015) Effectiveness 
of aquatic exercise for treatment of knee osteoarthritis. Z Rheumatol 74(6):543–552

 90. Fransen M, McConnell S, Harmer AR, Van der Esch M, Simic M, Bennell KL (2015) Exercise 
for osteoarthritis of the knee. Cochrane Libr. https://doi.org/10.1002/14651858.CD004376.
pub3

 91. Jansen MJ, Viechtbauer W, Lenssen AF, Hendriks EJ, de Bie RA (2011) Strength train-
ing alone, exercise therapy alone, and exercise therapy with passive manual mobilisation 
each reduce pain and disability in people with knee osteoarthritis: a systematic review. 
Physiotherapy 57(1):11–20

 92. Kon E, Filardo G, Drobnic M, Madry H, Jelic M, van Dijk N, Della Villa S (2012) Non- 
surgical management of early knee osteoarthritis. Knee Surg Sports Traumatol Arthrosc 
20(3):436–449

5 Clinical Management in Early OA

https://doi.org/10.1002/14651858.CD005523.pub3
https://doi.org/10.1002/14651858.CD004376.pub3
https://doi.org/10.1002/14651858.CD004376.pub3


132

 93. Mazieres B, Thevenon A, Coudeyre E, Chevalier X, Revel M, Rannou F (2008) Adherence 
to, and results of, physical therapy programs in patients with hip or knee osteoarthritis. 
Development of French clinical practice guidelines. Joint Bone Spine 75(5):589–596

 94. Bennell KL, Buchbinder R, Hinman RS (2015) Physical therapies in the management of 
osteoarthritis: current state of the evidence. Curr Opin Rheumatol 27(3):304–311

 95. Gay C, Chabaud A, Guilley E, Coudeyre E (2016) Educating patients about the benefits 
of physical activity and exercise for their hip and knee osteoarthritis. Systematic literature 
review. Ann Phys Rehabil Med 59(3):174–183

 96. Tanaka R, Ozawa J, Kito N, Moriyama H (2013) Efficacy of strengthening or aerobic exercise 
on pain relief in people with knee osteoarthritis: a systematic review and meta-analysis of 
randomized controlled trials. Clin Rehabil 27(12):1059–1071

 97. Juhl C, Christensen R, Roos EM, Zhang W, Lund H (2014) Impact of exercise type and dose 
on pain and disability in knee osteoarthritis: a systematic review and meta-regression analysis 
of randomized controlled trials. Arthritis Rheumatol 66(3):622–636

 98. Brosseau L, MacLeay L, Robinson V, Wells G, Tugwell P (2003) Intensity of exercise for the 
treatment of osteoarthritis. Cochrane Libr. https://doi.org/10.1002/14651858.CD004259

 99. Focht BC (2006) Effectiveness of exercise interventions in reducing pain symptoms among 
older adults with knee osteoarthritis: a review. J Aging Phys Act 14(2):212–235

 100. Holla JF, Sanchez-Ramirez DC, van der Leeden M, Ket JC, Roorda LD, Lems WF, Steultjens 
MP, Dekker J (2014) The avoidance model in knee and hip osteoarthritis: a systematic review 
of the evidence. J Behav Med 37(6):1226–1241

 101. Hart HF, Collins NJ, Ackland DC, Crossley KM (2015) Is impaired knee confidence related 
to worse kinesiophobia, symptoms, and physical function in people with knee osteoarthritis 
after anterior cruciate ligament reconstruction? J Sci Med Sport 18(5):512–517

 102. Cruz-Almeida Y, King CD, Goodin BR, Sibille KT, Glover TL, Riley JL, Sotolongo A, 
Herbert MS, Schmidt J, Fessler BJ (2013) Psychological profiles and pain characteristics of 
older adults with knee osteoarthritis. Arthritis Care Res (Hoboken) 65(11):1786–1794

 103. Fitzgerald GK, White DK, Piva SR (2012) Associations for change in physical and 
psychological factors and treatment response following exercise in knee osteoarthritis: an 
exploratory study. Arthritis Care Res (Hoboken) 64(11):1673–1680

 104. Beckwée D, Vaes P, Cnudde M, Swinnen E, Bautmans I (2013) Osteoarthritis of the knee: 
why does exercise work? A qualitative study of the literature. Ageing Res Rev 12(1):226–236

 105. AAOS (2013) Treatment of osteoarthritis of the knee. Evidence-based guideline, 2nd edn. 
American Academy of Orthopaedic Surgeons

 106. Filardo G, Kon E, Longo UG, Madry H, Marchettini P, Marmotti A, Van Assche D, Zanon G, 
Peretti GM (2016) Non-surgical treatments for the management of early osteoarthritis. Knee 
Surg Sports Traumatol Arthrosc 24(6):1775–1785

 107. Zhang W, Jones A, Doherty M (2004) Does paracetamol (acetaminophen) reduce the 
pain of osteoarthritis?: a meta-analysis of randomised controlled trials. Ann Rheum Dis 
63(8):901–907

 108. Smith SR, Deshpande BR, Collins JE, Katz JN, Losina E (2016) Comparative pain reduction 
of oral non-steroidal anti-inflammatory drugs and opioids for knee osteoarthritis: systematic 
analytic review. Osteoarthr Cartil 24(6):962–972

 109. Hunter DJ (2015) Viscosupplementation for osteoarthritis of the knee. N Engl J  Med 
372(11):1040–1047

 110. Strauss EJ, Hart JA, Miller MD, Altman RD, Rosen JE (2009) Hyaluronic acid viscosupple-
mentation and osteoarthritis. Am J Sports Med 37(8):1636–1644

 111. Conrozier T, Chevalier X (2008) Long-term experience with hylan GF-20 in the treatment of 
knee osteoarthritis. Expert Opin Pharmacother 9(10):1797–1804

 112. Balazs EA, Watson D, Duff IF, Roseman S (1967) Hyaluronic acid in synovial fluid. 
I. Molecular parameters of hyaluronic acid in normal and arthritic human fluids. Arthritis 
Rheumatol 10(4):357–376

 113. Balazs EA, Denlinger JL (1993) Viscosupplementation: a new concept in the treatment of 
osteoarthritis. J Rheumatol Suppl 39:3–9

R. Grazina et al.

https://doi.org/10.1002/14651858.CD004259


133

 114. Law TY, Nguyen C, Frank RM, Rosas S, McCormick F (2015) Current concepts on the use 
of corticosteroid injections for knee osteoarthritis. Phys Sportsmed 43(3):269–273

 115. Chang RW, Falconer J, David Stulberg S, Arnold WJ, Manheim LM, Dyer AR (1993) A 
randomized, controlled trial of arthroscopic surgery versus closed-needle joint lavage for 
patients with osteoarthritis of the knee. Arthritis Rheumatol 36(3):289–296

 116. Ogilvie-Harris D, Fitsialos D (1991) Arthroscopic management of the degenerative knee. 
Arthroscopy 7(2):151–157

 117. Rönn K, Reischl N, Gautier E, Jacobi M (2011) Current surgical treatment of knee osteoar-
thritis. Arthritis. https://doi.org/10.1155/2011/454873

 118. Palmer JS, Monk AP, Hopewell S, Bayliss LE, Jackson W, Beard DJ, Price AJ (2016) 
Surgical interventions for early structural knee osteoarthritis. Cochrane Libr. https://doi.
org/10.1002/14651858.CD012128

 119. Avouac J, Vicaut E, Bardin T, Richette P (2009) Efficacy of joint lavage in knee osteoarthritis: 
meta-analysis of randomized controlled studies. Rheumatology (Oxford) 49(2):334–340

 120. Laupattarakasem W, Laopaiboon M, Laupattarakasem P, Sumananont C (2008) Arthroscopic 
debridement for knee osteoarthritis. Cochrane Libr. https://doi.org/10.1002/14651858.
CD005118.pub2

 121. Reichenbach S, Rutjes AW, Nüesch E, Trelle S, Jüni P (2010) Joint lavage for osteoarthritis 
of the knee. Cochrane Libr. https://doi.org/10.1002/14651858.CD007320.pub2

 122. Moseley JB, O'malley K, Petersen NJ, Menke TJ, Brody BA, Kuykendall DH, Hollingsworth 
JC, Ashton CM, Wray NP (2002) A controlled trial of arthroscopic surgery for osteoarthritis 
of the knee. N Engl J Med 347(2):81–88

 123. Widuchowski W, Lukasik P, Kwiatkowski G, Faltus R, Szyluk K, Widuchowski J, Koczy 
B (2008) Isolated full thickness chondral injuries. Prevalence and outcome of treatment. 
A retrospective study of 5233 knee arthroscopies. Acta Chir Orthop Traumatol Cechoslov 
75(5):382–386

 124. Angele P, Niemeyer P, Steinwachs M, Filardo G, Gomoll AH, Kon E, Zellner J, Madry H 
(2016) Chondral and osteochondral operative treatment in early osteoarthritis. Knee Surg 
Sports Traumatol Arthrosc 24(6):1743–1752

 125. Gomoll A, Filardo G, De Girolamo L, Esprequeira-Mendes J, Marcacci M, Rodkey W, 
Steadman R, Zaffagnini S, Kon E (2012) Surgical treatment for early osteoarthritis. Part I: 
cartilage repair procedures. Knee Surg Sports Traumatol Arthrosc 20(3):450–466

 126. Smith NA, Parkinson B, Hutchinson CE, Costa ML, Spalding T (2016) Is meniscal allograft 
transplantation chondroprotective? A systematic review of radiological outcomes. Knee Surg 
Sports Traumatol Arthrosc 24(9):2923–2935

 127. Smith J, Wilson A, Thomas N (2013) Osteotomy around the knee: evolution, principles and 
results. Knee Surg Sports Traumatol Arthrosc 21(1):3–22

 128. Amis AA (2013) Biomechanics of high tibial osteotomy. Knee Surg Sports Traumatol 
Arthrosc 21(1):197–205

 129. Portner O (2014) High tibial valgus osteotomy: closing, opening or combined? Patellar 
height as a determining factor. Clin Orthop Relat Res 472(11):3432–3440

 130. Bonasia DE, Dettoni F, Sito G, Blonna D, Marmotti A, Bruzzone M, Castoldi F, Rossi R 
(2014) Medial opening wedge high tibial osteotomy for medial compartment overload/arthri-
tis in the varus knee: prognostic factors. Am J Sports Med 42(3):690–698

 131. Brouwer RW, Huizinga MR, Duivenvoorden T, van Raaij TM, Verhagen AP, Bierma-Zeinstra 
S, Verhaar JA (2014) Osteotomy for treating knee osteoarthritis. Cochrane Libr. https://doi.
org/10.1002/14651858.CD004019.pub3

 132. Sun H, Zhou L, Li F, Duan J (2017) Comparison between closing-wedge and opening-wedge 
high tibial osteotomy in patients with medial knee osteoarthritis: a systematic review and 
meta-analysis. J Knee Surg 30(02):158–165

 133. Rossi R, Bonasia DE, Amendola A (2011) The role of high tibial osteotomy in the varus knee. 
J Am Acad Orthop Surg 19(10):590–599

 134. Harris JD, McNeilan R, Siston RA, Flanigan DC (2013) Survival and clinical outcome of iso-
lated high tibial osteotomy and combined biological knee reconstruction. Knee 20(3):154–161

5 Clinical Management in Early OA

https://doi.org/10.1155/2011/454873
https://doi.org/10.1002/14651858.CD012128
https://doi.org/10.1002/14651858.CD012128
https://doi.org/10.1002/14651858.CD005118.pub2
https://doi.org/10.1002/14651858.CD005118.pub2
https://doi.org/10.1002/14651858.CD007320.pub2
https://doi.org/10.1002/14651858.CD004019.pub3
https://doi.org/10.1002/14651858.CD004019.pub3


134

 135. Bastos Filho R, Magnussen RA, Duthon V, Demey G, Servien E, Granjeiro JM, Neyret P 
(2013) Total knee arthroplasty after high tibial osteotomy: a comparison of opening and clos-
ing wedge osteotomy. Int Orthop 37(3):427–431

 136. van der Merwe W (2016) New and evolving surgical techniques. In: Parker D (ed) 
Management of knee osteoarthritis in the younger, active patient, Springer, pp 149–155

 137. Kajiwara R, Ishida O, Kawasaki K, Adachi N, Yasunaga Y, Ochi M (2005) Effective repair of 
a fresh osteochondral defect in the rabbit knee joint by articulated joint distraction following 
subchondral drilling. J Orthop Res 23(4):909–915

 138. Kamei G, Ochi M, Okuhara A, Fujimiya M, Deie M, Adachi N, Nakamae A, Nakasa T, 
Ohkawa S, Takazawa K (2013) A new distraction arthroplasty device using magnetic force; a 
cadaveric study. Clin Biomech (Bristol, Avon) 28(4):423–428

 139. Gabriel S, Clifford A, Maloney W, O’connell M, Tornetta Iii P (2012) Unloading the OA knee 
with a novel implant system. J Appl Biomech 29(6):647–654

 140. Dowsey M, Nikpour M, Dieppe P, Choong P (2012) Associations between pre-operative 
radiographic changes and outcomes after total knee joint replacement for osteoarthritis. 
Osteoarthr Cartil 20(10):1095–1102

 141. Niinimäki TT, Murray DW, Partanen J, Pajala A, Leppilahti JI (2011) Unicompartmental 
knee arthroplasties implanted for osteoarthritis with partial loss of joint space have high re-
operation rates. Knee 18(6):432–435

 142. do Amaral RJFC, da Silva NP, Haddad NF, Lopes LS, Ferreira FD, Bastos Filho R, Cappelletti 
PA, de Mello W, Cordeiro-Spinetti E, Balduino A (2016) Platelet-rich plasma obtained with 
different anticoagulants and their effect on platelet numbers and mesenchymal stromal cells 
behavior in vitro. Stem Cells Int. https://doi.org/10.1155/2016/7414036

 143. Dhillon MS, Patel S, John R (2017) PRP in OA knee–update, current confusions and future 
options. SICOT-J 3:27. https://doi.org/10.1051/sicotj/2017004

 144. Pereira RC, Scaranari M, Benelli R, Strada P, Reis RL, Cancedda R, Gentili C (2013) Dual 
effect of platelet lysate on human articular cartilage: a maintenance of chondrogenic potential 
and a transient proinflammatory activity followed by an inflammation resolution. Tissue Eng 
Part A 19(11–12):1476–1488

 145. Wu C-C, Chen W-H, Zao B, Lai P-L, Lin T-C, Lo H-Y, Shieh Y-H, Wu C-H, Deng W-P 
(2011) Regenerative potentials of platelet-rich plasma enhanced by collagen in retrieving 
pro-inflammatory cytokine-inhibited chondrogenesis. Biomaterials 32(25):5847–5854

 146. Laver L, Marom N, Dnyanesh L, Mei-Dan O, Espregueira-Mendes J, Gobbi A (2016) 
PRP for degenerative cartilage disease: a systematic review of clinical studies. Cartilage. 
1947603516670709

 147. Meheux CJ, McCulloch PC, Lintner DM, Varner KE, Harris JD (2016) Efficacy of intra- 
articular platelet-rich plasma injections in knee osteoarthritis: a systematic review. 
Arthroscopy 32(3):495–505

 148. Campbell KA, Saltzman BM, Mascarenhas R, Khair MM, Verma NN, Bach BR, Cole BJ 
(2015) Does intra-articular platelet-rich plasma injection provide clinically superior out-
comes compared with other therapies in the treatment of knee osteoarthritis? A systematic 
review of overlapping meta-analyses. Arthroscopy 31(11):2213–2221

 149. Khoshbin A, Leroux T, Wasserstein D, Marks P, Theodoropoulos J, Ogilvie-Harris D, Gandhi 
R, Takhar K, Lum G, Chahal J (2013) The efficacy of platelet-rich plasma in the treatment of 
symptomatic knee osteoarthritis: a systematic review with quantitative synthesis. Arthroscopy 
29(12):2037–2048

 150. Anitua E, Sánchez M, Aguirre JJ, Prado R, Padilla S, Orive G (2014) Efficacy and safety of 
plasma rich in growth factors intra-articular infiltrations in the treatment of knee osteoarthri-
tis. Arthroscopy 30(8):1006–1017

 151. Görmeli G, Görmeli CA, Ataoglu B, Çolak C, Aslantürk O, Ertem K (2017) Multiple PRP 
injections are more effective than single injections and hyaluronic acid in knees with early 
osteoarthritis: a randomized, double-blind, placebo-controlled trial. Knee Surg Sports 
Traumatol Arthrosc 25(3):958–965

R. Grazina et al.

https://doi.org/10.1155/2016/7414036
https://doi.org/10.1051/sicotj/2017004


135

 152. Sermer C, Devitt B, Chahal J, Kandel R, Theodoropoulos J  (2015) The addition of 
 platelet- rich plasma to scaffolds used for cartilage repair: a review of human and animal stud-
ies. Arthroscopy 31(8):1607–1625

 153. Bastos Filho R, Lermontov S, Borojevic R, Schott PC, Gameiro VS, Granjeiro JM (2012) 
Cell therapy of pseudarthrosis. Acta Ortop Bras 20(5):270–273

 154. Weinberg ME, Kaplan DJ, Pham H, Goodwin D, Dold A, Chiu E, Jazrawi LM (2017) 
Injectable biological treatments for osteoarthritis of the knee. JBJS Rev 5(4):e2

 155. Koh Y-G, Choi Y-J (2012) Infrapatellar fat pad-derived mesenchymal stem cell therapy for 
knee osteoarthritis. Knee 19(6):902–907

 156. Koh Y-G, Kwon O-R, Kim Y-S, Choi Y-J (2014) Comparative outcomes of open-wedge high 
tibial osteotomy with platelet-rich plasma alone or in combination with mesenchymal stem 
cell treatment: a prospective study. Arthroscopy 30(11):1453–1460

 157. Saw K-Y, Anz A, Jee CS-Y, Merican S, Ng RC-S, Roohi SA, Ragavanaidu K (2013) Articular 
cartilage regeneration with autologous peripheral blood stem cells versus hyaluronic acid: a 
randomized controlled trial. Arthroscopy 29(4):684–694

 158. Vega A, Martín-Ferrero MA, Del Canto F, Alberca M, García V, Munar A, Orozco L, Soler R, 
Fuertes JJ, Huguet M (2015) Treatment of knee osteoarthritis with allogeneic bone marrow 
mesenchymal stem cells: a randomized controlled trial. Transplantation 99(8):1681–1690

 159. Wong KL, Lee KBL, Tai BC, Law P, Lee EH, Hui JH (2013) Injectable cultured bone mar-
row–derived mesenchymal stem cells in varus knees with cartilage defects undergoing high 
tibial osteotomy: a prospective, randomized controlled clinical trial with 2 Years' follow-up. 
Arthroscopy 29(12):2020–2028

 160. Pas HI, Winters M, Haisma HJ, Koenis MJ, Tol JL, Moen MH (2017) Stem cell injections in 
knee osteoarthritis: a systematic review of the literature. Br J Sports Med 51:1125–1133

5 Clinical Management in Early OA



137© Springer International Publishing AG, part of Springer Nature 2018 
J. M. Oliveira et al. (eds.), Osteochondral Tissue Engineering,  
Advances in Experimental Medicine and Biology 1059, 
https://doi.org/10.1007/978-3-319-76735-2_6

Chapter 6   
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Abstract In recent times, the field of tissue engineering and regenerative medi-
cine (TERM) has considerably increased the extent of therapeutic strategies for 
clinical application in orthopedics. However, TERM approaches have its rules and 
requirements, in the respect of the biologic response of each tissue and bioactive 
agents which need to be considered, respected, and subject of ongoing studies. 
Different medical devices/products have been prematurely available on the market 
and used in clinics with limited success. However, other therapeutics, when used in 
a serious and evidence-based approach, have achieved considerable success, con-
sidering the respect for solid expectations from doctors and patients (when prop-
erly informed).
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Orthobiologics has appeared as a recent technological trend in orthopedics. This 
includes the improvement or regeneration of different musculoskeletal tissues by 
means of using biomaterials (e.g., hyaluronic acid), stem cells, and growth factors 
(e.g., platelet-rich plasma). The potential symbiotic relationship between biologic 
therapies and surgery makes these strategies suitable to be used in one single 
intervention.

However, herein, the recent clinical studies using hyaluronic acid (HA) in the 
treatment of orthopedic conditions will mainly be overviewed (e.g., osteochondral 
lesions, tendinopathies). The possibilities to combine different orthobiologic agents 
as TERM clinical strategies for treatment of orthopedic problems will also be briefly 
discussed.

Keywords Osteochondral lesions · Tendinopathies · Orthobiologics · Hyaluronic 
acid · Stem cells · Platelet-rich plasma · Growth factors · Tissue engineering  
and regenerative medicine
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Fact Box 2 – Clinical Experience with Hyaluronic Acid in Orthopedics

• Hyaluronic acid (HA) has been used mostly in the treatment of cartilage 
and osteoarthritis.

• It has been used in several joints (knee, ankle, shoulder, hip, first carpo-
metacarpal, etc.).

• It has shown transient benefits in pain relief and improved range of motion 
(minimum 6 months).

• It has rare adverse effects (mainly self-limited pain and swelling (sponta-
neously solved within 48 h)).

• It has shown promising results in the treatment of tendinopathies including 
enthesopathies.

• Intra-tendon injections might have deleterious effects.

Fact Box 1 – What Is Hyaluronic Acid

• Hyaluronic acid (HA) is a high molecular weight biopolysaccharide, dis-
covered in 1934.

• HA is a naturally occurring biopolymer, found in most connective tissues, 
and is particularly concentrated in synovial fluid, the vitreous fluid of the 
eye, umbilical cords, and chicken combs.

• It is a high viscoelastic fluid capable to reproduce and repair the rheologi-
cal proprieties of the synovial fluid.

• Besides its rheological proprieties, it acts as a shock absorber and as a 
lubricant and has anti-angiogenic, anti-inflammatory, and analgesic 
properties as well as immunosuppressive capacities.

• As a hydrogel or tridimensional scaffold, it can be used as protein or cell 
carrier.

 10. Tsaryk R, Gloria A, Russo T, Anspach L, De Santis R, Ghanaati S, Unger 
RE, Ambrosio L, Kirkpatrick CJ (2015) Collagen-low molecular weight 
hyaluronic acid semi-interpenetrating network loaded with gelatin micro-
spheres for cell and growth factor delivery for nucleus pulposus regenera-
tion. Acta Biomater 20:10–21. https://doi.org/10.1016/j.actbio.2015.03.041
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6.1  Introduction

The treatment of osteochondral (OC) defects and/or osteoarthritis in different joints 
remains a challenge, and the quest for the optimal conservative treatment continues. 
This represents an important socioeconomic burden given the high prevalence of 
these diseases and possibilities to cause functional impairment. In epidemiology, 
half of the world’s population aged 65 years or older has osteoarthritis (OA), which 
is the most prevalent disorder of articulating joints in humans [1]. The estimated 
social cost of OA might range between 0.25% and 0.50% of a country’s gross 
domestic product [2]. Degeneration related to the aging process, trauma-related 
injuries, and degenerative or idiopathic disorders can lead to OC lesions [3]. A 
distinction should be made between the chondral lesion in which the damage occurs 
on chondrocytes and articular cartilage extracellular matrix (ECM) opposing to OC 
defects in which, besides cartilage damage, the subchondral bone tissue is also 
affected [4]. The hyaline cartilage layer has highly flexible and supportive 
characteristics. The unique features of the cartilage tissue limit its regenerative 
capacity due to the lack of vascularization and innervation [5]. Similarly, cartilage 
has very limited remodeling possibilities given the low number of cells and low 
metabolic activity of chondrocytes (mainly the mature ones) which produces less 
extracellular matrix (ECM) [6, 7].

Damage to articular cartilage preceded by joint trauma is a major risk factor 
leading to progression of OA [8]. However, OA has a higher incidence in aged 
people and it is strongly correlated with natural aging process [9]. The huge 
variability of the OA tissues between individuals is proven to be one of the most 
important factors affecting the understanding of the disease and the variability in 

Fact Box 3 – Hyaluronic Acid and Tissue Engineering and Regenerative 
Medicine

• Tissue engineering and regenerative medicine (TERM) aims for more 
advanced approaches of tissue regeneration and disease control (combin-
ing scaffolds, cells, growth factors, prolotherapy, nanotechnology, bioreac-
tors, gene therapy, etc.).

• Advanced TERM approaches using hyaluronic acid (HA) have been tested 
including combination of HA with growth factors, cells, nanotechnology, 
and advanced scaffolds.

• Dealing with cartilage (including hyaline or fibrocartilage) and tendon 
regeneration represents two of the most challenging tissues in the field of 
clinical orthopedics, and the road for the future for sure will comprise 
advanced TERM approach.

• The achieved knowledge from the clinical experience with HA must be 
used as a launching platform for future basic science studies. Furthermore, 
higher-quality clinical studies are required for more accurate conclusions.

6 Hyaluronic Acid



142

response to therapeutics. The current treatments are based on the adaptation of 
lifestyle and on the use of anti-inflammatory and painkiller drugs or clinically 
solved with the substitution by an artificial implant.

Another very important field within orthopedics is related to tendinopathies within 
its many presentation forms which affect a high number of patients [10, 11]. Tendon 
is also a tissue with low mitotic activity and with limited self-repair capacity [12].

Currently, there has been growing popularity of non-operative therapies, which 
are able to induce the body’s self-repair and recovery from injuries or simply 
improve the symptoms without relevant secondary effects. These therapies include 
hyaluronic acid injections which are included in a new therapeutic field named 
orthobiologics [13]. Despite hyaluronic acid, orthobiologics also enrolls the clinical 
use of growth factors (e.g., platelet-rich plasma, bone morphogenetic proteins) or 
mesenchymal stem cells [14–21].

Viscosupplementation, which concerns to hyaluronic acid injections, was the 
first generation of orthobiologics. The treatment was firstly done in 1997 to relieve 
patients from pain symptoms of OA [1]. The outcome was satisfactory, and when 
compared to oral drug administration (NSAID), viscosupplementation was able to 
diminish patient’s pain.

Herein only the clinical use and potential future applications of hyaluronic acid 
will be presented. Most studies related to orthobiologics have several methodologi-
cal limitations. Despite the growing evidence supporting some therapeutic strate-
gies, more high-level studies with uniform outcome measures are required in order 
to assess the present and prepare the future.

6.2  What Is Hyaluronic Acid?

Hyaluronic acid (HA) injection (Fig. 6.1) at the injury site has been used as a con-
servative method to treat OC lesions, osteoarthritis, and tendinopathies [1, 14, 16, 
22–28]. In brief, HA is a high molecular weight biopolysaccharide, discovered in 

Fig. 6.1 Commercial formulation of hyaluronic acid injection ready for clinical use under strict 
aseptic conditions
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1934, by Karl Meyer and John Palmer in the vitreous of bovine eyes [29]. HA is a 
naturally occurring biopolymer, which has important biological functions in bacte-
ria and higher animals including humans. It is found in most connective tissues and 
is particularly concentrated in synovial fluid, the vitreous fluid of the eye, umbilical 
cords, and chicken combs [29]. It is naturally synthesized by a class of integral 
membrane proteins called hyaluronan synthases and degraded by a family of 
enzymes called hyaluronidases. The first medical HA application in humans was in 
the vitreous substitution/replacement during eye surgery, in the late 1950s [22, 29]. 
Viscosupplementation (VS) came into clinical use in Japan and Italy in 1987 and in 
Canada in 1992 but was adopted in Europe and the USA in the second half of the 
1990s [29].

VS can be described as the intra-articular administration of a high viscoelastic 
fluid into the synovial joint to reproduce and repair the rheological proprieties of the 
synovial fluid. VS can enhance the vital joint lubrication and shock absorption 
ability, essential functions for mobility improvements, and pain relief. All market 
available products for VS are based on hyaluronic acid (HA), a high molecular 
weight (105–107 Da) and unbranched glycosaminoglycan that can be found in the 
extracellular matrix of human tissue.

Despite HA being described as safe and effective, several of its functions within the 
body remain unknown [30, 31]. HA has shown chondroprotective effects in vivo and 
in vitro [29]. Combined with its rheological proprieties, this helps to explain the ben-
eficial long-term effects on articular cartilage. HA also reduces pain-associated nerve 
impulses and sensitivity. HA is a free, non-sulfated, and negatively charged glycos-
aminoglycan (GAG) capable of interacting with receptors and ECM proteins [32].

HA can be derived from different sources such as rooster combs, bacterial pro-
duction, or either animal or human sources [33]. Its properties (e.g., rheological 
properties) depend on its source. Nevertheless, HA solutions always present high 
viscosity. It is a water-soluble polymer and has specific enzymatic degradation. 
There are two forms of HA, based in the chain length: low and high molecular 
weight (≤2  ×  106 Da and 2  ×  106  – ≥4  ×  106 Da, respectively). Structural and 
biological functions of HA vary among these different presentations as suggested 
by Stern et  al. [34, 35]. The interactions between tissues and HA occur through 
hyaladherins. Functions such as cell communication, motility, and morphogenesis 
occur due to interactions between hyaladherins and tissue receptors, mainly CD44 
and RHAMM at the cell surface [29]. The hyaluronic acid high molecular weight 
(HMWHA) molecule plays a structural role by being able to bind 10 to 10,000 time 
its weight in water [34, 36, 37]. Thus, osmotically active in a completely hydrated 
state, it is able to fill the space acting as a shock absorber and also as a lubricant. 
From a biological point of view, the HMW chains are anti-angiogenic and anti- 
inflammatory and possess immunosuppressive capacities [38, 39]. Wide ranges of 
studies have reported a decrease in the inflammatory response and apoptosis through 
the downregulation of many factors responsible for ECM. These results suggest that 
HMWHA impairs the phenomena of phagocytosis, macrophage activation, and 
inflammatory cytokines production. This can also explain its possible beneficial 
effects in tendinopathies.
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However, HMWHA chains can break down into low molecular weight chains 
(LMWHA), which are found to have a pro-inflammatory effect [26]. These frag-
ments have been shown to secrete inflammatory cytokines and stimulate angiogene-
sis and tissue remodeling after activation of endogenous signaling pathways. They 
can promote the activation and maturation of dendritic cells and release of pro-
inflammatory cytokines [35, 39, 40]. Molecular changes in the ECM of damaged 
joints alter the composition and structure of natural HA. Along with molecule secre-
tion and tissue remodeling, the development of pathologies also occurs [34]. So, a lot 
remains to understand in order to improve efficacy of this therapeutic agent.

6.3  Most Frequent Isolated Injection Therapy in Different 
Joints and Tendons

HA injection, also known as viscosupplementation (VS), constitutes a conservative 
treatment to improve the biomechanical function of the joint and/or tendons mainly 
due to HA physicochemical characteristics (i.e., hydrogel state) [41, 42]. HA is a 
gel-like constituent injected in the joint or tendon sheath [1, 43]. In some cases, to 
ensure safety or effectiveness of HA delivery, its application can be guided by ultra-
sound or X-ray fluoroscopy [44]. It is thought that HA acts as lubricant displaying 
a cushion effect. However, the biological mechanism behind this role in cartilage/
tendon repair still remains a debate in medical community [45].

6.3.1  Intra-Articular Application

Positive effects of HA intra-articular injections have been reported in the conserva-
tive treatment of symptomatic osteoarthritis [46, 47]. It can be used as alternative to 
surgical approach mainly in the early phases of osteoarthritis or in patients without 
medical conditions to undergo more aggressive surgical treatment (e.g., replace-
ment arthroplasty) [1, 27, 31, 48–51]. Viscosupplementation can be performed as 
augmentation after surgical intervention to treat osteochondral lesions [52]. The 
Food and Drug Administration (FDA) regulates the use of HA for intra-articular 
injection. Several forms of HA have received FDA approval for clinical use [53], 
despite the biological mechanism of HA is not fully explained as well as the differ-
ences between the several HA presentations. There is still debate and controversy in 
literature concerning the best approach for each joint and grade of disease [54].

HA has a half-life of less than 24 h after intra-articular injection [29]. Short half- 
life, due to the rapid breakdown and reabsorption of HA, might represent a limitation 
in the intra-articular injections. For this reason, sustained-release approaches are 
under development. It has been already suggested in clinical trials that combination 
of treatments is shown to be more effective than HA alone [55–60].

The highest clinical experience available is related to knee (Fig. 6.2) and ankle 
(Fig.  6.3) use of HA [1, 31]. Protocols range from one single shot treatment to 
treatments requiring three to five injections, depending on the formulation of HA 
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Fig. 6.2 A schematic representation of the knee injection of hyaluronic acid. (A) Model where the 
patella is visible (yellow arrow) which must be relaxed; the needle should be introduced in the 
lateral suprapatellar pouch (red arrow) on an oblique orientation toward the joint. Usually, an 
experienced operator is capable to sense the exact moment when he trespasses the joint capsule 
with the needle. After this, the gel can be introduced safely. (B) Clinical representation where the 
patella (yellow arrow) and the suprapatellar pouch (red arrow) are visible. The operator slightly 
moves the patella laterally to relax the suprapatellar pouch

Fig. 6.3 A schematic representation of ankle injection of hyaluronic acid (A). The anterior tibial 
tendon (ATT) is visible (yellow arrow). The injection is given with the ankle in dorsiflexion, which 
dislocates the ATT centrally, in the soft spot where you can feel the joint line (blue circle). Again, 
an experienced operator is capable to sense the exact moment when he trespasses the joint capsule 
with the needle. After this, the gel can be introduced safely. (B) Clinical representation of the ankle 
injection. Yellow arrow represents the ATT, red line represents the joint line, and the little finger 
palpates the tip of the medial malleolus (usually the joint line will be 1.5–2 cm above)
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and the condition of the patient [26]. The possible adverse reactions are rare (1–2% 
of cases) and consist usually in transient pain and/or swelling, which usually resolve 
spontaneously in 48 h [26]. No serious adverse effects have been reported.

A recent meta-analysis of all high-quality previously published meta-analysis on 
the subject of HA use in the knee joint by Xing et al. showed that HA provided a 
moderate but real benefit for patients with knee OA [1]. This study, a systematic 
review of overlapping meta-analyses, that investigated efficacy and safety of HA, in 
treating knee OA, concluded that currently, the best evidence suggested that HA is 
an effective intervention in treating knee OA without increased risk of adverse 
events. It concluded that US-approved HA is safe and efficacious through an aver-
age of 26 weeks in treating symptomatic knee OA.

Therefore, the evidence supports the use of the HA in the treating knee 
OA. Further studies with effect size statistic are still required to qualify the clinical 
efficacy [1].

Concerning the ankle, a recent Cochrane review by Witteveen et al. identified six 
randomized controlled studies on the topic and concluded that it remains unclear 
which patients (age, grade of ankle OA) benefit the most from HA injections and 
which dosage schedule should be used [31]. Considering the best available evidence, 
HA can be conditionally recommended if patients have an inadequate response to 
simple analgesics. Moreover, the authors highlight the study limitations due to 
 methodological issues of the published studies [31]. Some authors highlight the dif-
ference in congruency when comparing the ankle (congruent) joint to the knee 
(incongruent) joint [4]. If that would be the case, theoretically, the rheological prop-
erties of HA should be more prone to work on the ankle when compared to the knee.

More recently, several studies have stated the benefits of HA application in the 
shoulder. The shoulder is the most “unstable” joint of the body given its wide range 
of motion (including circumferential motion). On a recent study enrolling 41 
patients suffering from chronic shoulder pain with limitation of motion due to 
glenohumeral joint OA, the authors concluded that HA may be a safe and effective 
treatment option for pain and stiffness and that the effects of the injections are still 
present for up to 6 months after the treatment [51]. However, a systematic review on 
the topic failed to provide definitive indications once more for methodological 
limitations of available literature [61]. However, HA was shown to provide consecu-
tively better outcomes when compared to placebo.

Hip OA has also been approached, either in severe cases or in young patients (in 
which there is advantage to delay arthroplasty replacement) [27, 44, 49]. In the hip, 
several authors advise for the benefits of ultrasound-assisted injection (Fig.  6.4) 
(particularly in more severe OA which makes it technically much more difficult to 
do blindly) [44]. The preliminary results have been positive in diminishing pain and 
improving mobility for a minimum period of 6 months.

HA has also been tried in smaller joints like the first carpometacarpal joint of the 
thumb [50]. From a recent meta-analysis, it seems that the most symptomatic 
patients are the most prone for improvement and, when compared to corticosteroid, 
the positive results stand for a longer period [62].
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6.3.2  Clinical Use in Tendinopathies

Tendinopathies, in its many presentations, represent a current challenge in orthope-
dics, and in many cases, surgical options provide poor outcome [10, 11, 63]. As 
aforementioned, the tendon has reduced self-repair capacity, poor vascularity, and 
low mitotic activity [12, 63].

Promising results have been achieved in the rotator cuff with HA injection treat-
ment. A multicenter, randomized, controlled trial assessing peritendinous HA out-
come in patients with supraspinatus tendinopathy reported improved outcome and 
faster rehabilitation with lower number of physiotherapy sessions [25]. Also in 
non-calcific rotator cuff tendinopathies, when comparing HA to extracorporeal 
shockwaves therapy (ESWT), injections of HA provided faster clinical improve-
ment compared to ESWT, which might result in more gradual improvement over 
time [64].

Some promising results have also been achieved in a preliminary study on enthe-
sopathies (lateral epicondylitis, patellar tendinopathy, insertional Achilles tendi-
nopathy, and plantar fasciitis) [65]. However, further research is required.

Concerning the Achilles tendon, a recent randomized study comparing peritendi-
nous HA injections with standard ESWT has shown better outcome with HA [43]. 
However, one anima-based study suggests that intra-tendon HA injection might 
have deleterious effect and should be avoided [66]. Once more, more evidence is 
required.

Fig. 6.4 A schematic representation of injection of hyaluronic acid in the hip joint (blue line) (A). 
(B) Clinical representation of hip joint injection assisted by ultrasound (red arrow), with progres-
sive introduction of the needle (yellow arrow)
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6.4  Can Hyaluronic Acid Be Combined with Other 
Orthobiologic Therapies?

Not only basic science research but also some preliminary clinical data suggest that 
HA can be combined with other orthobiologics (growth factors, cells, biomaterials, 
hydrogels/scaffolds) but further suggest that there might be several advantages in 
doing it [67–69]. However, doing it properly and adequately, the rules of TERM 
must be followed which promise to change the paradigm of medicine and will, most 
likely, take years of intense work.

Moreover, HA can also be used as augmentation of a surgical procedure as 
proposed by Doral et al. combining microfractures and HA in the treatment of 
OC defects [56]. Other authors used MSCs and HA aiming to improve surgical 
results of OC lesions [55, 57, 60]. Synergistic anabolic actions of HA and PRP 
have been demonstrated [70, 71]. Similarly, a biocompatible carrier-forming 
HA-based microgel (PlnD1-HA) in order to preserve BMP2 activities has also 
been tested in vitro [72] and in vivo [73]. Collagen-low molecular weight hyal-
uronic acid semi- interpenetrating network loaded with gelatin microspheres for 
cell and growth factor delivery for nucleus pulposus regeneration has also been 
proposed [74].

6.5  Future Perspectives

HA can be used in isolation, taking advantage of its inherent properties. However, 
the road for the future will include, from one side, optimization of HA itself (better 
understanding of adequate formulation, dosage, number of treatments according to 
the pathology, and the patients’ profile). But from another much more ambitious 
perspective, what we have learnt from this biopolysaccharide and its possibilities 
and clinical results should be used to develop advanced TERM strategies combining 
growth factors, cells, scaffolds, bioreactors, nanotechnology, etc. aiming for the 
ultimate full repair of the tissues and control of injuries/diseases. Some initial steps 
have been given but a long road needs to be traveled with this goal.

6.6  Final Remarks

Hyaluronic acid is a safe alternative for conservative treatment of several orthopedic 
conditions.

Intra-articular joint injections (with or without image-assisted application) have 
proven to be a safe procedure. Rare and mostly self-limited adverse reactions have 
been reported (mainly transitory pain and swelling).
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It has shown fair midterm results in symptomatic control of osteoarthritis in dif-
ferent joints and in different grades of the disease. The highest clinical experience 
reported comes from the knee and ankle joint.

Promising results have been achieved in the treatment of tendinopathies with 
peri-tendon injections. Some authors advise for possible deleterious effects from 
intra-tendon injections.

More high-quality studies are required before further clinical conclusions at this 
point.

In the future, TERM approaches promise to improve current results, mainly by 
combining several factors with advanced strategies, specifically designed for each 
clinical condition.
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Chapter 7
Semi-IPN- and IPN-Based Hydrogels

Nicole Zoratto and Pietro Matricardi

Abstract Semi-interpenetrating polymer networks (semi-IPNs) and interpenetrat-
ing polymeric networks (IPNs) have emerged as innovative materials for biomedi-
cal and pharmaceutical applications. The interest in these structures is due to the 
possibility of combining the favorable properties of each polymeric component of 
the IPNs or semi-IPNs leading to a new system with properties that often differ from 
those of the two single components. In this respect, polysaccharides represent an 
opportunity in this field, combining a general biocompatibility and a good avail-
ability. Moreover, the functional groups along the polymer chains allow chemical 
derivatization, widening the possibilities in semi-IPNs and IPNs building up. At the 
same time, materials based on proteins are often used in this field, due to their simi-
larity to the materials present in the human body. All these overall properties allow 
tailoring new materials, thus designing desired properties and preparing new hydro-
gels useful in the biomedical field. In the present chapter, we chose to describe 
systems prepared starting from the most important and studied hydrogel-forming 
polysaccharides: alginate, hyaluronic acid, chitosan, dextran, gellan, and scleroglu-
can. Besides, systems based on proteins, such as gelatin, collagen, and elastin, are 
also described. With this chapter, we aim describing the routes already traveled in 
this field, depicting the state of the art and hoping to raise interest in designing new 
promising strategies useful in biomedical and pharmaceutical applications.
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7.1  Semi-IPN and IPN Hydrogels

Semi-interpenetrating polymer networks (semi-IPNs) and interpenetrating poly-
meric networks (IPNs) have emerged as innovative materials for biomedical and 
pharmaceutical applications. The interest in these structures is due to the possibility 
of combining the favorable properties of each polymeric component of the IPNs or 
Semi-IPNs leading to a new system with properties that often differ from those of 
the two single components [1]. In this respect, tailoring of the resulting material 
thus reaching the desired properties represents an important route to widening the 
spectrum of materials useful in the biomedical field. Table 7.1 summarizes IPN and 
semi-IPN hydrogels recently investigated for tissue engineering applications and 
reported in the chapter.

Table 7.1 IPN and semi-IPN hydrogels recently investigated for tissue engineering applications 
and described in the chapter

Hydrogel composition
Type of 
network Application References

Polymer 1 Polymer 2

Alginate (Alg) Pluronic F127 IPN Antiadhesive agent 
after surgery

[19]

Fibrin IPN In vitro growth of 
ovarian follicles

[29]

pHEMA Semi-IPN Biomedical 
applications

[30]

Methacrylated alginate 
(MAAlg)

Collagen IPN 3D preosteoblast 
spreading and 
osteogenic 
differentiation

[38]

Hyaluronic Acid (HA) Hyperbranched 
PEG-based 
copolymer

Semi-IPN Potential scaffold [42]

dex-HEMA Semi-IPN Potential bioprintable 
scaffold

[43]

Fibrin IPN Potential scaffold [44]
Methacrylated 
hyaluronic Acid 
(MAHA)

Diacrylated PEG IPN Cartilage repair [46]

HA glycidyl 
methacrylated (GMHA)

Collagen IPN Regenerative medicine [47]
Puramatrix IPN Neurite growth and 

extension
[48]

Chitosan pNIPAAM Semi-IPN Potential scaffold [50]
N-carboxyethyl 
Chitosan

2-pHEMA Semi-IPN Wound dressing [52]

Dextran methacrylated 
and aldehyde 
bifunctionalized

Gelatin IPN Potential vascular 
scaffold

[56]

(continued)
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7.1.1  Definitions

The IPNs can be considered belonging to the class of polymer blends. An IPN is 
defined by IUPAC as “A polymer comprising two or more networks which are at 
least partially interlaced on a molecular scale but not covalently bonded to each 
other and cannot be separated unless chemical bonds are broken. A mixture of two 
or more pre-formed polymer networks is not an IPN” [2].

As Sperling reported, IPN systems are “rediscovered” several times over the 
years [3, 4]. In 1914, Aylsworth designed the first synthetic IPN, composed of a 
mixture of natural rubber, sulfur, and partly reacted phenol-formaldehyde resins [1]. 
Some years later, Staudinger and Hutchinson (1951) and Solt (1955) described the 
use of IPN systems, but only in 1960, the term “interpenetrating polymer networks” 
was coined by Millar. Millar cross-linked polystyrene and swelled this sample in 
solutions of styrene and divinylbenzene and then polymerized the monomers within 
the swollen network to form a polystyrene network within another polystyrene net-
work. Thanks to his pioneering work, IPNs having both networks identical in chem-
ical compositions have sometimes called Millar IPNs [5]. Only in 1969, Frisch [6] 
and Sperling [7] developed IPN composed of two different polymers 
independently.

Table 7.1 (continued)

Hydrogel composition
Type of 
network Application References

Polymer 1 Polymer 2

Gelatin-graft- 
polyaniline

Oxidized dextran IPN Potential scaffold [57]

Gellan gum 
methacrylated (GGMA)

Gelatin 
polyacrylamide

IPN Regeneration of 
load-bearing tissue

[62]

Gellan gum (GG) HA Semi-IPN Bone regeneration of 
osteochondral defects

[63]

IPN 
sponge

Skin wound 
regeneration

[64]

Gelatin (Gel) Diacrylated PEG IPN Cartilage tissue 
engineering

[75]

Gelatin methacrylamide 
(GelMA)

PEG BioSIN Potential scaffold [76]

Gelatin Silk fibroin IPN Potential scaffold [77]
PVA Theta-gel Cartilage regeneration [78]

Collagen HA Semi-IPN Potential scaffold [80]
Chitosan IPN 3D–scaffold for 

carcinoma cells
[83]

2-MPC IPN Corneal substitute [84]
Collagen methacrylated Chondroitin 

sulfate-HA
IPN Cartilage tissue 

engineering
[81]
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Semi-IPNs differ from IPNs because the chains of the second polymer are dis-
persed only into the network formed by the first polymer without forming another 
network interpenetrated with the first one. The IUPAC definition referred to semi- 
IPN is “A polymer comprising one or more networks and one or more linear or 
branched polymer(s) characterized by the penetration on a molecular scale of at 
least one of the networks by at least some of the linear or branched macromole-
cules.” In addition, a note was added in order to underline the difference between 
IPN and semi-IPN, reporting “semi-interpenetrating polymer networks are distin-
guished from interpenetrating polymer networks because the constituent linear or 
branched polymers can, in principle, be separated from the constituent polymer 
network(s) without breaking chemical bonds” [2].

7.1.2  Properties

In recent years, IPN and semi-IPN systems have attracted substantial interest, thanks 
to their favorable properties. Generally, an IPN or semi-IPN can combine the prop-
erties of their individual components with synergistic effects in many cases. 
Therefore, it is possible to tune the characteristics of the resulting materials by 
choosing properly the starting components of the IPN and semi-IPN systems, and in 
addition, thanks to the possibility of combining synthetic and natural polymers, the 
range of the reachable properties can be extended [1, 3]. Improved mechanical 
properties, thermal stability, and chemical resistance are some of the properties pre-
sented by IPN and semi-IPN systems. In addition, IPNs differ from other types of 
polymeric blends, as they swell without dissolving in solvents and creep and flow 
are suppressed [3, 8].

However, in most IPN systems, a phase separation occurs. Phase separation, 
which proceeds during the IPN formation, is due to the chemically different struc-
ture of the components forming the IPNs. This leads to the development of a hetero-
geneous structure. However, the process of separation proceeds very slowly due to 
the high viscosity of the system and to entanglements between chains. Clearly, the 
thermal behavior of IPN systems depends on the miscibility of the polymeric com-
ponents and on the phase mixing [9]. In this respect, as far as the semi-IPN systems 
are concerned, they generally show a higher shift in transition temperature com-
pared to the full IPNs. This effect was explained by the more complete phase sepa-
ration in semi-IPNs as compared with full ones [9]. Two are the mechanisms of 
phase separation that may occur during the IPN formation: nucleation and growth 
and spinodal decomposition. In the nucleation and growth, kinetics spheres of the 
second phase are formed within the matrix of the first phase. These spheres grow by 
increasing their diameter. Spinodal decomposition tends to produce interconnected 
cylinders of the second phase within the matrix of the first phase. These cylinders 
grow by increasing their wave amplitude. Later, coarsening and coalescence may 
cause important changes. However, these changes may be hampered by cross-links, 
which keep the domains small. Spinodal decomposition is the most common mech-
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anism of phase separation [10]. Generally, simultaneous IPNs are phase-separated 
by a spinodal mechanism, while sequential IPNs via a mechanism of nucleation and 
growth.

7.1.3  Characterization

IPNs are characterized mainly for their physico-mechanical, morphological, spec-
troscopic, and thermal properties [11]. The morphology of the IPN systems is 
deeply affected by the synthetic methodology adopted by the compatibility of the 
single components forming the IPN networks and by the relative rates of network 
formation. SEM and TEM are the most common techniques used for the investiga-
tion of the networks morphology. With these techniques, it is possible to determine 
the distribution of phase domains, the shape, the structure in terms of micro- and 
nanoscale, and the degree of mixing. In this way, a complete and clear elucidation 
of the IPN architecture may be obtained. Also, other techniques can be used to 
identify the morphology of IPNs. These include atomic force microscopy (AFM) 
analysis, confocal laser scanning microscopy (CLSM), X-ray scattering experi-
ments, energy dispersive X-ray analysis (EDAX), and laser scanning confocal 
microscopy (LSCM) are other techniques for the morphological characterization 
of an IPN.

Differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), 
and differential thermal analysis (DTA) are the widely used techniques for the ther-
mal characterizations of IPNs and semi-IPNs. DSC analysis usually shows one or 
two Tg values for the IPN, allows understanding the interpenetration degree of the 
network components and, at the same time, the formation of any macro- or micro- 
phase separation. TGA analysis allows investigating the thermal stability of IPN 
networks.

Mechanical properties commonly used to characterize IPN are tensile strength, 
elongation at break, Young’s modulus, and hardness. In order to determine these 
parameters, different techniques may be used. These include rheological analyses, 
tensile tests, extensiometry, tearing tests, and compression tests [12]. IPNs usually 
show mechanical properties intermediate of the single polymeric components, so 
the interaction of a less swellable, stiffer hydrogel with a more swellable, softer 
hydrogel can be used to tune the IPN mechanical properties and swellability. In 
many cases, IPNs show a higher toughness compared to the single constituents. 
Enhanced toughness occurs in double-network (DN) hydrogels, a special class of 
interpenetrated polymer, where the first network is more tightly cross-linked than 
the second network and the molar ratio of the second network to the first network is 
greater than ~ 5.

The most powerful method in the investigation of viscoelastic properties of poly-
meric systems is dynamic mechanical spectroscopy (DMS), which enables the esti-
mation of the elastic moduli, mechanical losses, glass transition temperature, and 
relaxation characteristics of IPN and semi-IPNs.
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Finally, spectroscopic techniques are widely used in the structure elucidation, 
such as, nuclear magnetic resonance (NMR), infrared (IR), and electron spin reso-
nance (ESR) techniques. NMR spectroscopy is used to estimate the interpenetration 
of polymers in IPN at nanoscale level; moreover, information on the morphology, 
miscibility, microstructure, and mobility can be directly obtained by NMR studies. 
IR and FT-IR spectroscopic techniques have been widely used for identifying the 
components with their specific signals in IPNs.

7.2  Polysaccharides-Based IPN and Semi-IPN Hydrogels

Polysaccharides play a very important role in the IPN and semi-IPN hydrogels for 
the biomedical field due to the ability of some of them to form hydrogels by means 
of physical or chemical interactions with small biocompatible molecules and/or 
ions or among their chains, in special conditions. Moreover, polysaccharides are a 
favorable polymer system, thanks to their abundance in nature, their generally 
accepted biocompatibility, and the possibility to modify their chemical structure by 
means of easy and efficient reactions [1, 13]. In this chapter, we will describe some 
of the most important systems developed in recent years, in order to give to the 
reader a general overview of this field, classifying the paragraphs according to the 
main polysaccharide used in the system.

7.2.1  Alginate

Alginate (Alg) is a linear polysaccharide derived from brown algae or bacteria 
and composed of 1 → 4 linked β-D-mannuronic acid (M) and α-L-guluronic acid 
(G). The G and M residues are arranged in homopolymer blocks (MM, GG) 
interspersed by regions containing alternating blocks of M and G with different 
M/G ratios (MG-blocks) (Fig. 7.1). The wide variability of the composition of 
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the alternating zones and the M/G ratio affected the physicochemical properties 
of Alg. Applications of alginate are related to its gelling ability, thanks to the 
interactions with divalent cations. The selectivity in ion binding by alginate is 
highly dependent on the presence of G residues in the polysaccharide structure. 
These G/divalent cation interactions are responsible for the “egg box” model 
formation. Due to these characteristics, Alg has been widely used in food indus-
try and in biotechnological and biomedical fields.

7.2.1.1  Smart Alginate IPNs and Semi-IPNs

Smart polymers or stimuli-responsive polymers are polymers that are able to be 
responsive to a number of stimuli, such as temperature, pH, electrical, or magnetic 
field. Several smart IPN and semi-IPN Alg-based systems are reported in literature. 
These polymeric networks are generally responsive to the temperature or pH but in 
most cases are responsive to both temperature and pH and thus defined as dual- 
stimuli- responsive gels. In the field of thermo-responsive hydrogels, hydrogels 
showing a lower critical solution temperature (LCST) polymers have been exten-
sively studied for biomedical and pharmaceutical applications, and the attention 
was particularly focused on systems that show a LCST value near body tempera-
ture. It is well known that pNIPAAm hydrogels undergo a sharp and reversible 
phase transition near the body temperature (32–37 °C). Synthesis of multi- responsive 
IPN composite hydrogels, based on Alg and pNIPAAm, constitutes one of the strat-
egies to increase the porosity of the resulting gels and thus to achieve networks with 
a faster release of the drug [14]. Both semi-IPN and full-IPN composed of Alg and 
pNIPAAm have been investigated [15–18]. Not only pNIPAAm but also other syn-
thetic polymers have LCST values near body temperature, such as several Pluronics. 
Pluronics are block copolymers of poly(ethylene oxide)b-poly(propylene oxide)-b- 
poly(ethylene oxide) (PEO-PPO-PEO) with a LCST that depends on their composi-
tion (e.g., ratio and molecular weight of the PEO/PPO blocks and overall molecular 
weight). Some Pluronics exhibit a thermo-reversible gelation below the body tem-
perature, and for this reason, they are often applied in the pharmaceutical field. Vong 
and co-workers have successfully developed an in situ semi-IPN device based on an 
Alg and Pluronic F127 for the ophthalmic release of the pilocarpine. Guardix SG™ 
is a clinically approved system successfully applied as an antiadhesive agent after 
the surgery [19]. It is composed of sodium Alg, poloxamer, and calcium chloride, 
and it is able to create a thermosensitive viscous gel in contact with the body tem-
perature and to form a mechanical barrier that separates injured tissue. It is gener-
ally used in spine thyroid surgeries in order to reduce the incidence of postoperative 
adhesion [20].

Other natural polymers, such as gelatin, cellulose derivatives, and agarose, have 
been widely used in combination with Alg to form thermosensitive IPN and semi- 
IPN [21–23]. Choudhary and co-workers reported the preparation IPN hydrogels 
composed by alginate and hydrophobically modified ethyl hydroxyl ethyl cellulose 
(HMEHEC) [24]. They found that the rheology of these systems could be easily 
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tuned because of the mechanical strength of the IPN is strongly dependent on the 
relative ratio of the polymers. These IPNs were able to entrap highly hydrophobic 
drugs, such as the prodrug NSAID (nonsteroidal anti-inflammatory drug) sulindac, 
increasing their solubility because of the presence of hydrophobic HMEHEC 
domains in the hydrogel matrix.

Ionic hydrogels are swollen polymer networks containing pendent groups, such 
as carboxylic or sulfate groups, which exhibit a sol/gel transition as a result of 
changing the environmental pH. In the case of the acidic groups, as the degree of the 
ionization is increased, the number of fixed charges is increased, resulting in 
increased electrostatic repulsion between the chains and consequently in a sol/gel 
transition. Ramesh Babu et al. prepared novel IPN microgels of sodium alginate and 
acrylic acid for the controlled release of ibuprofen [25]. As mentioned above, dual- 
stimuli- responsive hydrogels are deeply investigated systems. Among them, semi- 
IPNs based on Alg and pNIPAAm have been widely studied [26, 27]. Compared to 
pure pNIPAAm hydrogels, these combined networks showed a swelling profile that 
depends on the charge of Alg, which in turn depends on the pH of the medium [1]. 
Therefore, these Alg/pNIPAAM semi-IPN hydrogels are affected by the pH thanks 
to the presence of the carboxylic groups of the Alg and by the temperature due to the 
presence of the pNIPAAm. Shi and co-workers studied the effect of pH and tem-
perature on the release of indomethacin, a nonsteroidal anti-inflammatory drug, 
from semi-IPN beads based on CaAlg and pNIPAAm [27].

7.2.1.2  Physically Cross-Linked Alginate IPNs

Lin et al. prepared IPN beads composed of a water-soluble derivative of chitosan 
(N,O-carboxymethyl chitosan, NOOC) and alginate [28]. Another interesting appli-
cation of physically cross-linked Alg was reported by Shikanov and co-workers for 
the in  vitro growth of ovarian follicles [29]. They developed an interpenetrating 
matrix based on Alg and fibrin aimed to tailor the mechanical properties of the 
hydrogel to fit the needs of the follicles during their development. The two biopoly-
mers were simultaneously cross-linked by addition of Ca2+ ions and thrombin, 
respectively, leading to IPNs with mechanical properties suitable for tissue regen-
eration. After fibrin degradation, due to plasmin and various other proteases secreted 
by the cells, the Alg network assured the mechanical support to the hydrogel. 
Mechanical properties of the matrix emerged as significant regulators of follicle 
development, and the authors supposed that small two-layered follicles, cultured in 
a mechanically dynamic environment, could be able to mimic the in vivo environ-
ment and increase the rate of oocyte maturation.

7.2.1.3  Chemically Cross-Linked Alginate IPNs

Chemically cross-linked alginate IPNs were widely studied, thanks to the increased 
resistance to failure and mechanical strength that they possess compared to gels in 
which the networks are held together by physical/ionic interactions as in CaAlg gels 
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[1]. La Gatta et al. developed polyelectrolyte materials based on a semi-IPN matrix 
composed of Alg and a pHEMA [30]. In detail, after dissolution of the monomers in 
an aqueous solution of Alg, HEMA was copolymerized with the cationic monomer 
2-methacryloxy ethyltrimethyl ammonium chloride (METAC). The mechanical 
properties as well as the swelling behavior of the resulting semi-IPN hydrogels were 
dependent on both charged polymers. In the studied systems, the Alg chains had a 
very positive effect on the biocompatibility of the systems as the gels showed better 
cell viability and cell adhesion properties than the control p(HEMA-co-METAC) 
hydrogels. Recently, Hina et  al. formulated a novel Na-alginate/PVA hydrogels 
employing 2-Acylamido-2-methylpropane-sulfonic acid as monomer (AMPS) [31]. 
Figure 7.2 presents the reaction scheme for the preparation of Na-alginate/PVA-co- 
AMPS IPN hydrogel. Drug release characteristics from these IPN hydrogels as a 

Fig. 7.2 Reaction scheme for the preparation of Na-Alginate/PVA-co-AMPS IPN hydrogel. For 
details, see Ref. [31]. (Figure reproduced with permission)
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function of pH revealed pH-independent release at both pH 1.2 and 7.4, while vary-
ing polymer ratio and concentration of monomer to higher level resulted in pro-
longed drug delivery. Na-alginate-PVA-copoly(AMPS) hydrogel could be an 
interesting candidate alternate to conventional dosage forms for prolonged delivery 
of a variety of hydrophilic drugs.

7.2.1.4  Photopolymerized Alginate IPNs

Photopolymerization is an alternative approach for the formation of chemically 
cross-linked hydrogels and offers the possibility to obtain in situ hydrogel systems 
by means of UV or visible light irradiation [1]. In general, hydrophilic/water- soluble 
polymers with polymerizable groups, such as acrylate and methacrylate moieties, 
form a hydrogel when exposed to UV or visible light. Radicals, which initiate the 
polymerization, are generated when a so-called photoinitiator undergoes an homo-
lytic bond cleavage upon exposure to UV/visible light. At present, several photoini-
tiators, having a good cytocompatibility, are available, allowing their in vivo use. 
Wang and co-workers used photopolymerization in order to improve the stability of 
calcium-Alg microcapsules by introducing additional polymers to provide covalent 
linkages via photopolymerization [32]. Photocross-linkable IPN beads based on 
Alg and polyethylene glycol were reported for the encapsulation of Langerhans 
islets [33]. Also, in situ cross-linkable IPN hydrogel composed of CaAlg and dex-
tran methacrylate were widely investigated [34–37]. Recently, Sun and colleagues 
prepared a series of hydrogels based on IPNs based on methacrylated alginate 
(MAA) and collagen to support preosteoblast spreading and proliferation as well as 
osteogenic differentiation [38]. Compared to the pure MAA hydrogel, these hydro-
gels demonstrated higher mechanical moduli, lower swelling ratios, and denser net-
work structures. Moreover, their properties could be fine-tuned by varying the ratio 
collagen/alginate. MC3T3-E1 cells in IPN hydrogels exhibited a rapid proliferation 
and spread gradually with prolonged culture time, and their osteogenic differentia-
tion was greatly facilitated. These results should provide collagen-MAA IPN hydro-
gels as potential three-dimensional scaffolds for bone tissue engineering.

7.2.2  Hyaluronic Acid

Hyaluronic acid (or hyaluronan, HA) is a linear glycosaminoglycan composed of 
repeating disaccharide unit of D-glucuronic acid and N-acetyl-D-glucosamine, linked 
through alternating β-(1 → 4) and β-(1 → 3) glycosidic bonds (Fig. 7.3). HA is one of 
the major components of the extracellular matrix (ECM) and is present at high concen-
trations in all connective tissues such as cartilage, vitreous humor, and synovial fluids, 
where it performs structural and lubricant functions. The biological functions of HA 
have been widely investigated, and the enormous interest in HA is due to its 
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biocompatibility and its capability to interact with specific cell receptors that can rec-
ognize and bind HA selectively. Three are the functional groups of HA that usually are 
chemically modified: the glucuronic acid group, the primary and secondary hydroxyl 
groups, and the amine group (after deacetylation of N-acetyl group). Actually, numer-
ous HA derivatives are employed for tissue repair, wound healing, treatment of joint 
diseases, drug delivery, and as scaffolds for tissue engineering.

7.2.2.1  Temperature-Responsive Hyaluronic Acid IPNs and Semi-IPNs

A pH- and temperature-sensitive semi-IPN system was developed by Santos and 
co-workers by combining cross-linked thermosensitive pNIPAAm and HA [39]. 
The semi-interpenetrated polymer networks (semi-IPNs) hydrogel was prepared by 
mixing HA with pNIPAAm which was then cross-linked in the presence of N,N′-
methylenebisacrylamide as cross-linking agent and tetramethylethylenediamine as 
catalyst. The LCST of the materials was measured, and it was found that it did not 
change with the introduction of HA. The swelling/deswelling behavior of the semi- 
IPN responded to pH and temperature changes with good reversibility: addition of 
HA led to an improvement in the deswelling process at 37 °C and an increase in 
both water uptake capability and swelling kinetics of the hydrogels at 25 °C. These 
favorable properties make the pNIPAAm-HA semi-IPN suitable for therapeutic and 
biomedical applications. Also, “Click” chemistries have been used to cross-link 
polymer chains within a hydrogel network capable to respond simultaneously or 
separately to different external stimuli [40]. The thermo-responsive pNIPAAm 
polymer was modified in order to obtain a new telechelic RAFT-generated pNIPAAm 
with a propargyl function at both ends, which in this way could be clicked together 
with the azido-grafted hyaluronic acid (HA) to create a polymer network. This 
hybrid system displays a multi-responsive behavior versus temperature, pH, and 
ionic strength and exhibited a distinct volume phase transition temperature (VPTT) 
between 32 and 34 °C as well as pH-dependent swelling behavior. Importantly, the 
pore size of the hydrogels could be controlled by varying the spacing of grafted 
azide functions on the HA chains or by varying the chain length of the pNIPAAm 
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cross-links, which has great utility in designing scaffolds to mimic the extracellular 
matrix. Additionally, release of fluorescein isothiocyanate-labeled dextran from the 
gels was increased at temperatures above the VPTT, suggesting a potential dual use 
as a drug-releasing scaffold material. Degradability of the hydrogels by hyaluroni-
dase was found to be controlled by degree of cross-linking.

Very recently, Joung et al. investigated a thermo-responsive semi-IPN made from 
hyaluronic acid and Pluronic F127 as a new intra-articular injectable hydrogel for 
the controlled release of piroxicam [41]. The use of the thermo-responsive  surfactant 
properties of Pluronic F127 allowed to disperse the drug within the hydrogel but at 
the same time could erode the hydrogel in a very short time at physiological condi-
tions. For this reason, HA was used, and the authors found that HA reduced the 
amount of Pluronic required for the gelation, thanks to the ability of high molecular 
weight HA to assist the intermicellar packing in the hydrogel structure (Fig. 7.4a, 
b). In addition, HA had also the advantage to enhance the mechanical strength of the 
semi-IPNs and to reduce critical gelation temperature value of the hydrogel com-
pared to pure Pluronic F127 gels. The hydrogel exhibits both sustained drug release 
behavior and superior bioavailability in physiological conditions; thus, this IPN sys-
tems could be a promising hydrogel-based drug delivery platform for the treatment 
of arthritis.

Another thermo-responsive semi-IPN containing HA within the network was 
developed by Dong and co-workers [42]. They developed a physically and chemi-
cally in situ cross-linkable hydrogel system composed of a thermo-responsive 
hyperbranched PEG-based copolymer exhibiting a physical gelation around 
37 °C. The branched copolymer was synthetized using one-pot and one-step in situ 
DE-ATRP reaction (deactivation enhanced atom transfer radical polymerization) of 

Fig. 7.4 (a) Schematic representation of bridged micellar packing formation of hydrogels. (b) 
Particle size analysis of HA-Pluronic F127 micelles as a function of temperature. For details, see 
Ref. [41]. (Figure reproduced with permission)
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polyethylene glycol diacrylate, polyethylene glycol methyl ether methacrylate, and 
2-methoxyethoxy ethyl methacrylate. Thanks to the several numbers of acrylated 
groups, the polymer was chemically cross-linked using pentaerythritol tetrakis 
(3-mercaptoproprionate) as cross-linker via thiol-ene Michael addition reaction. 
Finally, the resulting semi-IPN was obtained combined this cross-linked polymer 
with HA leading to an in situ cross-linkable hydrogel with high porosity, improved 
cell adhesion, and viability.

7.2.2.2  Chemically Cross-Linked Hyaluronic Acid Semi-IPN

An example of a chemically cross-linked semi-IPN based on hyaluronic acid was 
developed by Pescosolido and co-workers (Fig. 7.5), using a high molecular weight 
of HA and a dextran derivative, dex-HEMA (hydroxyethyl-methacrylate- derivatized 
dextran) that is a photocross-linkable polymer able to form stable hydrogels after 
UV irradiation [43]. Dex-HEMA was dissolved in HEPES buffer, and the photoini-
tiator (Irgacure 2959) was added. Then, HA was added, and the mixture was stirred 
before the UV irradiation. Kinetic studies of these semi-IPN hydrogels with differ-
ent HA contents were performed evidencing that the cross-linking kinetics were 
almost instantaneous, as shown by the rapid increase of the storage modulus G′ after 
10 s of UV exposure. Also, the printability of these systems was studied. The result-
ing 3D construct showed high porosity, and the construct architecture can be easily 
tuned by controlling the process parameters, such as fiber spacing and orientation, 
demonstrating the suitability of the HA/dex-HEMA systems for bioprinting appli-
cations in tissue engineering.

Fig. 7.5 Schematic representation of the 3D hydrogel formation and the picture of the resulting 
3D printed hydrogel. For details, see Ref. [43]. (Figure reproduced with permission)
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Recently, another interesting IPN system based on fibrin and disulfide cross- 
linked HA was described by Zhang and co-workers [44]. Fibrin is formed during the 
physiological coagulation cascade after thrombin-mediated cleavage of fibrinogen 
in the presence of Ca2+. In their study, HA was dually functionalized with both 
2-dithiopyridyl (-SSPy) and hydrazide (-hy) groups, providing the HA-hy-SSPy 
derivative. The complementary tiolated HA was also prepared (HA-SH). The IPN 
system was then obtained through the mixing of two mixtures: A and B. The mix-
ture A was composed of a fibrinogen solution containing HA-hy-SSPy, while the 
mixture B was composed of thrombin and HA-SH.  They suggested that the 
 formation of a disulfide network between thiolated HA (HA-SH) and HA modified 
with reactive 2-dithiopyridyl (SSPy) group should be chemoselective toward enzy-
matically catalyzed steps of fibrin formation. Synthesis and structures of the 
HA-fibrin network is show in Fig. 7.6. Because of the polypeptide chains in fibrino-
gen are linked together via disulfide bonds, the authors demonstrated that the fibrin 
can be formed even in the presence of thiol and 2-dithiopyridyl-modified HA deriv-
atives. In fact, the reactive groups of the HA derivatives do not interfere with the 
thrombin- mediated activation of fibrinogen, thanks to the very fast reaction of 
HA-SH with HA-hy-SSPy for the formation of a disulfide HA network via thiol-
disulfide exchange reaction. The mechanical characterization of this novel IPN 
showed an increased stiffness in comparison to that of the pure fibrin gel, and this is 
probably due to the entanglements between fibrin and HA networks. In addition, the 
IPN network presented a lower degradation rate compared to the pure fibrin gel, 
suggesting that this new material could be a useful scaffold for tissue engineering.

Fig. 7.6 Synthesis and structures of the HA-fibrin network developed by Zhang et al. [44]. (Figure 
reproduced with permission)
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7.2.2.3  Photopolymerized Hyaluronic Acid IPNs and Semi-IPNs

The most common chemical modifications on HA polymers for the IPN formation 
are the methacrylation and the acrylation, because these derivatives can be prepared 
using very mild conditions, leading to generally nontoxic compounds. In 1994, the 
Italian company Fidia Farmaceutici SpA prepared HA derivatives based on methac-
rylated moieties, claiming that those HA or semi-synthetic HA derivatives, used in 
the IPNs or semi-IPNs formation, are nontoxic and non-carcinogenic synthetic 
materials. In their patent, they reported that these hyaluronan or hyaluronan- 
derivative IPNs can be used in the “biomedical and sanitary fields, including derma-
tology, urology, orthopedics, otologic microsurgery, otoneurology, functional, 
post-traumatic and rhinosinusal endoscopic microsurgery, plastic surgery, and in the 
cardiovascular system” [45]. Many examples are reported in the literature of IPN 
systems based on methacrylate or acrylate HA polymers. D’arrigo et  al. [37] 
reported the development of a semi-IPN network based on methacrylate derivative 
of hyaluronic acid (HAMA) and calcium alginate (AlgCa). Particularly, they first 
added CaCl2 to a solution of HAMA and AlgNa in order to obtain a semi-IPN struc-
ture, thanks to the formation of a AlgCa hydrogel in the presence of HAMA chains; 
then, they added a photoinitiator and irradiated the semi-IPN. In this way, a photo-
chemical cross-linking of the methacrylate moieties of HA was obtained. The 
resulting network was characterized, exhibiting completely new mechanical proper-
ties compared to the two polymeric starting materials. In addition, drug release stud-
ies showed that the IPN could act as a depot system for modified release of drugs or 
proteins, showing a retention of the activity of proteins embedded within the new 
hydrogels. Park and co-workers synthetized an IPN system based on methacrylated 
HA (HA-Ac) and diacrylated PEG (PEG-DA) for cartilage repair [46]. 
Experimentally, RGD residues were introduced into PEG-DA through a Michael 
addition between the cysteine residue of the peptides and the acrylated groups of the 
polymer. In this way, the RGD residues provided a matrix suitable for fibroblast 
adhesion and proliferation on the gels. IPN hydrogels were then obtained through 
the photopolymerization of solutions of HA-Ac, previously synthetized, and 
peptide- modified-PEG-DA in the presence of eosin Y as visible light sensitizer and 
triethanolamine as initiator. The properties of the systems were characterized vary-
ing the derivatization degree of HA-Ac and of the PEG-DA concentration; an 
increase in these two parameters led to an increase in the G’ modulus of the gels and 
a decrease in the swelling degree. The hydrogels obtained using this technique were 
demonstrated to be still degradable by hyaluronidase, and the presence of RDG 
peptides was found to be fundamental for cell adhesion and proliferation.

Collagen, along with HA, is a major component of ECM, and this protein forms 
gels without chemical modification. Suri and co-workers developed novel 
photocross- linkable semi-IPN and IPN gels made of glycidyl methacrylated HA 
(GMHA) and collagen [47]. Particularly, they prepared a semi-IPN in which only 
the collagen was in a network form, while HA chains were entangled in the collagen 
network without being photocross-linked. Then, they compared this semi-IPN net-

7 Semi-IPN- and IPN-Based Hydrogels



170

work to the IPN network formed after the exposure of the previous semi-IPN to UV 
light in order to have both networks entangled within each other. SEM images and 
rheological data revealed that IPNs are denser than semi-IPNs, which results in their 
molecular reinforcement. In addition, the degradation of the collagen-HA IPNs was 
slower than the semi-IPNs because of the presence of the cross-linked HA network. 
Cytocompatibility of IPNs was confirmed by Schwann cell and dermal fibroblasts 
adhesion and proliferation studies, confirming that these hydrogels can be employed 
as potential candidates for regenerative medicine applications.

Recently, another interesting interpenetrating polymer network based on glyc-
idyl methacrylate hyaluronic acid (GMHA) and “Puramatrix™ (PM) was devel-
oped obtaining a material with tunable properties that could influence the neurite 
growth and proliferation [48]. PM is a self-assembling peptide scaffold structurally 
composed of 99% water and synthetic peptide (1% w/v) that is widely used to recre-
ate the 3D microenvironments useful for cell growth in the absence of animal- 
derived materials and pathogens. In this study, the core of the IPN system is obtained 
by the photopolymerization of a solution of GMHA and PM in the presence of the 
photoinitiator. This IPN hydrogel is then surrounded by a photocross-linkable poly-
ethylene glycol (PEG), and through a UV light drawing defined geometries onto the 
photocross-linkable substrates, it is possible to irradiate PEG and the IPN through-
out the gel. In this way, a dual hydrogel system with a 3D microenvironment was 
created. Rheological and morphological analyses were performed on the IPNs 
showing that simply by controlling the degree of methacrylation of HA is possible 
to tune the mechanical properties. This model provides a simple, in vitro environ-
ment to generate different mechanical properties and study neurite growth and 
extension.

7.2.3  Chitosan

Chitosan is a linear cationic polysaccharide obtained by partial deacetylation of the 
insoluble naturally available chitin, derived from exoskeletons of crustaceans, fungi, 
and insects. However, chitin is not readily used as such due to its high level of acety-
lated groups and its rigid structure as well as its poor solubility in aqueous solutions. 
Therefore, deacetylation of chitin leads to an increase in the number of amino 
groups and thus in an enhancement of the water solubility of the polymer. Chitosan 
is composed of D-glucosamine and N-acetyl-D-glucosamine units linked by 
β-(1 → 4) glycosidic bonds. Chitosan is an interesting polysaccharide, thanks to the 
presence of the amino groups, which could be modified in order to modify the 
physicochemical properties of the polymer, thus improving important characteristic 
such as solubility and bioadhesivity [49]. Among the various features, Chitosan has 
generated considerable interest because of its permeation enhancer and muco- 
adhesive properties.
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7.2.3.1  Temperature and pH-Responsive Chitosan IPNs and Semi-IPNs

Chitosan can be combined with specific responsive polymers in IPNs or semi-IPNs 
with the aim to be responsive to different properties such as temperature, pH, and 
enzymatic activity. Several studies focused on the formation of thermo-responsive 
IPNs based on chitosan and N-isopropylacrylamide. Fernández-Gutiérrez and co- 
workers synthesized a semi-IPN based on poly(N-isopropylacrylamide) (pNIPAAm) 
and chitosan and studied the effect of pH and temperature on their rheological and 
swelling properties [50]. The semi-IPNs were prepared by free radical polymeriza-
tion of NIPAAm in the presence of chitosan using ammonium persulfate as radical 
initiator. TGA analyses performed on the gels revealed that the presence of chitosan 
in the network increases the thermal stability of the semi-IPN compared to the net-
works composed of pure pNIPAAm, probably thanks to the ability of chitosan to 
stabilize the free radicals generated by the thermal decomposition of polymeric 
chains, through transfer reactions. Morphological analyses suggested the presence 
of large pores, with size ranging from 40 to 50 μm up to more than 100 μm, useful 
for the diffusion and the proliferation of cells in tissue engineering applications. 
Tze-Wen Chung and co-workers prepared and investigated the drug delivery char-
acteristics of new thermosensitive IPN gel composed of poloxamer (P) and chitosan 
(CS) cross-linked with various concentrations of glutaraldehyde (GA) for the 
release of 5-fluorouracil [51]. Two different poloxamer were used for the IPNs prep-
aration, F127 and F68. The LCST value of the poloxamer-chitosan gels was slightly 
affected by the concentrations of chitosan. In contrast, the presence of GA affected 
deeply not only the thermosensitivity of the resulting IPN but also the viscosity and 
swelling ratios. Particularly, high amount of GA led to the formation of a denser CS 
network because of higher reaction rates and thus to a higher viscosity of the sys-
tem. In a same way, high swelling ratios of GA-containing gels may be associated 
with the CS network that interpenetrates the gels and binds the aggregated P 
micelles/gels in compartments during hydration, thereby preventing the rapid dis-
solution of the gels. Also, the release of 5-FU was investigated, revealing that the 
presence of a CS network in the P-CS/GA gels strongly affected the release of 5-FU 
from the gels.

7.2.3.2  Chemically Modified Chitosan-Based IPNs and Semi-IPNs

Recently, the hydrogels based on chitosan and synthetic polymers were investigated 
extensively due to their special properties and thus the potential exploitation in the 
field of biomedicine and pharmaceutics. However, during the preparation of these 
hydrogels, an aqueous acid medium was usually used to dissolve chitosan or chito-
san derivatives, which inevitably led to the presence of small amount of residual 
acid. These residues, even very small, may be harmful when it is applied onto 
wounded human skin or tissues. To overcome this problem, several chemical modi-
fications of chitosan macromolecules were described in literature attempting to 
make the polymer soluble in aqueous media. On this basis, Zhou and colleagues 
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synthetized N-carboxyethyl chitosan (CECS) through Michael addition reaction 
making chitosan water-soluble in this way [52]. Then, a semi-IPN was prepared by 
UV polymerization of an aqueous solution of CECS, 2-hydroxyethyl methacrylate 
(HEMA) in the presence of a photoinitiator. Some properties of the hydrogels 
including swelling properties, thermal stability, mechanical properties, and cytotox-
icity were investigated. These analyses showed that the hydrogels were sensitive to 
the pH of the medium and had good mechanical properties in their wet state. In 
addition, the cytotoxicity studies indicated a good biocompatibility of the gels, sug-
gesting a potential use of the CECS/poly (HEMA) hydrogels as drug delivery matrix 
or wound dressing materials. O-carboxymethyl derivative of chitosan was also 
investigated for IPNs formation. Particularly, Yin and co-workers [53] developed a 
superporous hydrogels containing poly(acrylic acid-co-acrylamide)/carboxymethyl 
chitosan interpenetrating polymer networks (SPH-IPNs) with the aim of enhancing 
the mechanical strength, in vitro muco-adhesive force, and drug loading capacity of 
SPHs. Even Ching Chen et al. [54] developed a pH-sensitive hydrogel useful for 
protein drug delivery, composed of a water-soluble chitosan derivative (N,O- 
carboxymethyl chitosan, NOCC), and alginate blended with a naturally occurring 
cross-linking agent (genipin) to form a semi-IPN. Guo and co-workers have reported 
an interesting approach to obtain thermo- and pH-responsive semi-IPN polyampho-
lyte hydrogels based on carboxymethyl chitosan and poly(2-(dimethylamino)ethyl 
methacrylate) (PDMAEM) [55]. The swelling behavior and the mechanical proper-
ties of the systems suggested that CM-CS/PDMAEMA semi-IPN polyampholyte 
hydrogels could be used as a pH-/temperature-responsive drug delivery system.

7.2.4  Dextran

Dextran is a nontoxic, bacterial hydrophilic polysaccharide consisting of consecu-
tive α-(1 → 6) linked D-glucopyranose units with a low percentage of α-(1 → 2), 
α-(1 → 3) and α-(1 → 4) side chains. The biocompatibility of dextran is well known; 
thus, dextran has been extensively explored in tissue engineering and biomedical 
applications. It is currently used in medicine as an antithrombotic agent to reduce 
blood viscosity and as a plasma expander. In addition, the hydroxyl groups of dex-
tran can be chemically modified to graft various functional groups, and, as a result, 
the polymer properties can be tuned with specific characteristics and can be modi-
fied in several ways to obtain chemically cross-linkable polymers.

Pescosolido and co-workers have developed a semi-IPN networks based on dex-
tran hyaluronic acid, as reported above [43]. The same authors reported also an in 
situ IPN and semi-IPN systems based on chemically modified dextran, methacrylate 
dextran (Dex-MA), and Ca/Alginate. Particularly, the semi-IPNs were formed by 
dex-HEMA chains interpenetrated with the Alg-Ca network. This semi-IPN behaves 
like a weak gel and can be easily injected. The semi-IPN can be then transformed in 
an IPN network through UV polymerization of dex-HEMA. Thanks to the hydro-
lytic nature of the ester bonds, the IPN was fully biodegradable and thus suitable for 
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biomedical and pharmaceutical applications. Cytocompatibility studies showed that 
the cells remain viable within the IPN and were able to differentiate depending on 
the composition of the IPN. Liu and co-workers have synthesized a methacrylate- 
and aldehyde-bifunctionalized dextran (Dex-MA-AD) and prepared an interpene-
trating network of Dex-MA-AD and gelatin [56]. The IPN was formed by UV 
cross-linking between the methacrylate pendant groups of Dex-MA-AD and Shiff 
base reaction between Dex-MA-AD and gelatin. The synthetized IPN was charac-
terized, and also compressive, swelling, and mechanical properties were measured 
showing a rather high elastic modulus. The Dex-MA-AD imparted to the hydrogels 
elastic properties, while the gelatin component provided cell adhesive and enzy-
matically degradable properties to the IPN and also significantly increased the com-
pressive modulus and strength through the Schiff base contribution to the cross-link 
density. The mechanical properties of this new hydrogel coupled with 2D and 3D 
biocompatibility with vascular cells make this a promising material for 3D scaffolds 
for vascular tissue engineering. Recently, electrical conductive hydrogels are emerg-
ing as promising material for tissue engineering by combining conductivity proper-
ties with the possibility of the formation of a three-dimensional network. These 
hydrogels can promote cell adhesion, proliferation, and differentiation. On this 
basis, Li and colleagues focused on the development of a novel IPN system exhibit-
ing conductive properties based on gelatin-graft-polyaniline and carboxymethyl- 
chitosan, which were cross-linked with oxidized dextran [57]. Particularly, three 
kinds of natural polymers were modified to prepare this biodegradable and biocom-
patible hydrogel: gelatin, which was modified with various contents of polyaniline 
on the side chains to improve conductivity; chitosan modified with carboxymethyl 
groups; and dextran, whose hydroxyl groups were oxidized into aldehyde groups. 
The synthesis of this novel IPN conductive hydrogels is shown in Fig.  7.7. The 
amino groups of modified gelatin and carboxymethyl chitosan were cross-linked 
with the aldehyde groups of oxidized dextran by simple mixing and heating at 

Fig. 7.7 Synthesis scheme of the novel IPN conductive hydrogels composed of gelatin-graft- 
polyaniline and carboxymethyl-chitosan. For details, see Ref. [57]. (Figure reproduced with 
permission)
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37 °C, thus forming an IPN at body temperature. The storage modulus of the gelatin- 
grafted polyaniline/carboxymethyl-chitosan/oxidized dextran hydrogels was greatly 
improved compared to other injectable conductive hydrogel. The conductivity, 
swelling ratio, and pore size of the hydrogels depend on the polyaniline content. 
The hydrogels showed also good cytocompatibility and biocompatibility, thus 
showing a great potential for tissue engineering.

Several studies on IPNs and semi-IPNs focused also on the use of dextran for 
the development of drug delivery systems in form of microspheres or beads 
[37, 58, 59, 60].

7.2.5  Gellan Gum

Gellan gum is a bacterial exopolysaccharide of the “sphingans” family, based on a 
tetrasaccharide repeating unit composed of two molecules of D-glucose, one of 
L-rhamnose, and one of D-glucuronic acid. In its native form, gellan is partially 
esterified with acyl substituents. The acetyl groups in native gellan gum can be 
removed by alkaline treatment to produce deacetylated gellan gum. Gellan is struc-
turally a double helix, formed by two intertwined left-handed, threefold helical 
chains. This helical geometry is promoted by the (1 →  3) linkage in the gellan 
repeating unit. It is well known that gellan gum can form gels in the presence of 
monovalent and divalent cations because of the electrostatic interaction of these 
ions and the carboxylate groups of the polymer. Thanks to its characteristics, gellan 
gum is used for a great variety of applications in the field of food, cosmetics, phar-
maceutics, and biomedicine.

Amici and colleagues [61] studied a new type of IPN based on gellan gum and 
agarose by simple mixing. The two components appeared to form their own indi-
vidual ordered conformations at the appropriate temperatures. However, there is a 
strong evidence from the microscopy and turbidity data that the two networks inter-
penetrate on a molecular length scale, one network essentially passing through the 
pores of the other. Shin and co-workers [62] developed a double-network (DN) 
hydrogel composed of gellan gum methacrylate (GGMA) and gelatin methacryl-
amide (GelMA). The DN hydrogels were fabricated by a two-step procedure 
(Fig.  7.8): first, the GGMA solutions were photocross-linked to form the first 

light light

Double-network formation1st network formation 2nd polymer diffuses into 1st network

Fig. 7.8 A two-step procedure for the formation of DN gels developed by Shin et al. [62]. (Figure 
reproduced with permission)
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 network and then the GGMA hydrogels were then immersed in GelMA solution so 
that the GelMA molecules diffused into the GGMA hydrogels and the resulting gels 
were exposed to the UV light, thus forming the second network. DN hydrogels 
exhibited higher strength with respect the single components, approaching closer to 
the strength of cartilage. The DN showed a good cell encapsulation; thus, DN 
hydrogels made by those photocross-linkable macromolecules could be useful for 
the regeneration of load-bearing tissues.

Always within the field of tissue engineering, Bellini et al. developed an in situ 
gelling semi-IPN composed of hyaluronic acid (HA), gellan gum (GG), and cal-
cium chloride (Ca) for bone regeneration of osteochondral defects [63]. In their 
study, the authors investigated the disturbing effect of HA on the GG-Ca hydrogels. 
As shown in Fig. 7.9, when HA was mixed with GG, the association of the GG 
chains during the Ca-mediated gelling process were disturbed, and, thus, weaker 
junction zones were formed. For the samples preparation, a solution of HA/Ca was 
poured in a becker, and the solution of G was poured onto the first solution and the 
resulting mixture was left at room temperature until complete gelation. The result-
ing HA-Ca-GG hydrogels were characterized through rheological, dynamo- 
mechanical, and swelling-degradation analyses. The results show that when higher 
HA concentrations were used weaker hydrogels with a more rapid degradation were 
obtained, while stronger and more stable hydrogels were formed in presence of high 
amount of calcium. Also in vitro adhesion tests were carried out by using pig bones 
and human primary osteoblasts, confirming that this semi-IPN promoted cell sur-
vival and osteoblastic progression. The composition of the semi-IPN was crucial for 
the in situ gelation of the hydrogel: in fact, the use of low HA concentrations leads 
to a low viscosity solution, which can leak out of the defect, when covered with the 
viscous G solution; on the other side, high calcium concentrations lead to a too rapid 

Fig. 7.9 Schematic representation of the HA-Ca-G hydrogels formation. For details, see Ref. 
[63]. (Figure reproduced with permission)

7 Semi-IPN- and IPN-Based Hydrogels



176

gelation, hindering the polymer interpenetration, thus forming a rapid hydrogel with 
low adhesion properties.

Cerqueira et al. developed a tissue-engineered construct based on a prevascular-
ized gellan gum and hyaluronic acid (GG-HA) spongy-like hydrogel with the aim 
to promote full-thickness skin wound regeneration by improving neotissue [64]. 
These sponges were formed by transferred a solution of GG-HA in a plate and 
 adding divalent cations in order to obtain an ionic cross-linking. This hydrogel was 
able to meet quality regeneration parameters such as fast wound closure and reepi-
thelialization, a distinct dermal matrix remodeling, and improved neovasculariza-
tion. Hoosain and co-workers prepared a semi-interpenetrating polymer network 
xerogel matrix system for the controlled delivery of sulpiride by using epichlorohy-
drin as cross-linker [65]. The ability of the xerogel to sustain drug release was deter-
mined by in vitro and in vivo drug release experiments. Recently, a large number of 
IPN microspheres have been developed using a combination of gellan gum with 
other polymer for drug delivery purpose [66–68].

7.2.6  Scleroglucan

Scleroglucan is a bacterial polysaccharide produced by microorganisms, especially 
by fungi of genus sclerotium. It consists of a main chain of (1 → 3)-linked β-D- 
glucopyranosyl units where every third unit has a (1 → 6)-linked β-D-glucopyranosyl 
unit. In an aqueous solution, this polysaccharide adopts a stable triple-stranded heli-
cal conformation held together by hydrogen bonds. Due to the rod-like character of 
native scleroglucan in an aqueous solution and resistance to hydrolysis and tem-
perature, it has several commercial applications. Aalaje and co-workers [69] devel-
oped a novel semi-IPN hydrogel by cross-linking of partially hydrolyzed 
polyacrylamide and scleroglucan aqueous solutions using chromium triacetate. 
Oscillatory shear rheological data showed that the limiting storage modulus of the 
semi-IPN gels increased with the increase of scleroglucan concentration. In addi-
tion, increasing the scleroglucan content, the loss factor decreased slightly, thus 
indicating that the viscous properties of this gelling system decrease more than its 
elastic properties. The swelling tests showed that the equilibrium swelling ratios of 
the semi-IPN networks decreased with increase in the scleroglucan content due to 
the decrease in the ionic hydrophilic groups of the semi-IPN network. Corrente 
et al. [70] synthetized a novel injectable and in situ cross-linkable hydrogels com-
posed of methacrylate dextran (DEX-MA) and scleroglucan, in its native form or 
carboxymethylated. Both unmodified and modified scleroglucan tuned the mechan-
ical properties of DEX-MA hydrogels that became harder but also more elastic. All 
the hydrogels investigated were able to swell in contact with biological fluids show-
ing a consistence similar to natural tissues. Drug delivery properties were also tested 
on the hydrogels DEX500-MA, scleroglucan, and DEX500-MA/Scl-CM. The sys-
tems released very fast small molecules but were able to modulate the release of 
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VitB12 and to behave as depot delivery systems. Matricardi and co-workers [71] 
prepared a semi-IPN based on scleroglucan, Alg, and borax and studied its mechan-
ical properties and release behavior of a model drug. The semi-IPN was thermo- 
irreversible in the range of the temperature investigated, and the presence of Alg led 
to an increase in the storage modulus (gel strength) of the resulting network. Circular 
dichroic data showed that no significant conformational changes of Alg occurred, 
suggesting a possible explanation was the synergistic effect between the Sclg/borax 
hydrogel network elasticity and the rigidity of entangled Alg chains stretched by the 
electrostatic repulsions among the carboxylic groups on the backbone.

7.3  Protein-Based IPN and Semi-IPN Gels

7.3.1  Gelatin

Gelatin is a product of the denaturation and structural degradation of collagen. 
However, gelatin exhibits a behavior that is more similar to those of rigid-chain 
synthetic polymers rather than the native collagen. Gelatin shows a wide molecu-
lar weight distribution and in aqueous solutions, and at high temperature, it has 
the conformation of a statistical coil. It is possible to tune the characteristics and 
the physicochemical properties of gelatin by modifying its molecular structure 
and exploiting both acidic and basic functional groups along the macromole-
cules. In addition, gelatin forms in solutions at low temperatures a triple-stranded 
helical structure. The rate of formation of this structure depends on many factors 
such as the presence of covalent cross bonds, gelatin molecular weight, the pres-
ence of amino acids, and the gelatin concentration in the solution. A further 
important aspect of this biopolymer is its specific interaction with water that 
leads to drastic changes of its physico-mechanical properties depending on the 
moisture content [72].

Gelatin have been widely used in the formation of IPN and semi-IPN [73, 57], 
especially in cartilage tissue engineering applications, thanks to its relatively low 
antigenicity and bioactivity signals, such as the Arg-Gly-Asp (RGD) sequence. In 
this context, Zhang et  al. developed a macroporous IPN hydrogels composed of 
gelatin and PEG diacrylate in order to fulfill the required mechanical properties of 
the scaffolds and improve cell function for cartilage tissue engineering [74]. 
Particularly, they dissolved PEGDA in the presence of saturated NaCl solution, 
N,N,N′,N′-tetramethylethylenediamine (TEMED), ammonium persulfate (APS), 
and NaCl particles. Gelatin was also added to this precursor solution in order to 
have a range of gelatin concentrations, from 0 to 10% (w/v). Each mixture was 
cross-linked for 10 minutes, and then deionized water was added in order to remove 
NaCl particles and excess precursor. Finally, glutaraldehyde (0.5% w/V) was added 
to cross-link the gelatin at 4 °C for 24 h, and the resulting scaffolds were washed 
with deionized water to remove excess of glutaraldehyde. SEM analyses revealed 
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that the IPN scaffolds had highly interconnected structures with pores of ca. 80 μm 
in diameter. Confocal microscope analyses performed by fluorescence-labeling 
showed that the gelatin was distributed regularly only in 5% and 10% gelatin-IPN, 
leading to a complete pore structures. The Young’s modulus of both lyophilized and 
swollen IPN hydrogels increased with increasing the amount of gelatin. These IPNs 
were also found to facilitate cell-cell interaction and improve cell attachment, cell 
proliferation, cartilage-specific gene expression, and ECM accumulation. In fact, 
chondrocytes in such IPN hydrogels were elongated and had fibroblast morpholo-
gies, thanks to the presence of gelatin. Gelatin can induce cell adhesion and has 
been proven to enhance cell function as native collagen. Cell adhesion receptors on 
chondrocytes can recognize binding motifs in gelatin and bind to form extensive 
cytoskeletons. Daniele et al., recently, developed a new bio/synthetic interpenetrat-
ing network (BioSINx), based on modified gelatin methacrylamide (GelMA), and 
PEG [75]. The covalently cross-linked PEG network was formed by thiol-ene cou-
pling, while the bioactive GelMA was integrated using a concurrent thiol-ene cou-
pling reaction (Fig. 7.10). This new BioSINx can be considered a new generation of 
hydrogel-based tissue scaffold showing tunable mechanical properties and long- 

Fig. 7.10 Fabrication of bio/synthetic interpenetrating network (BioSIN) of (a) gelatin methacryl-
amide and poly(ethylene glycol) via concurrent photoinitiation of thiol-ene and thiolyne coupling. 
(Reproduced with permission [75])
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term cell anchorage points and supporting cell attachment and proliferation in the 
3D environment.

GelMA was also used by Xiao and colleagues [76] for the synthesis of a new 
photocross-linkable IPNs hydrogel with silk fibroin (SF). Subsequently, exposure to 
aqueous methanol was used to test the induction of SF crystallization in polymer-
ized GelMA-SF hydrogels to form crystalline sheets, which acted as a reinforce-
ment component. Further variation of the concentration of SF demonstrated the 
tunability of the resulting series of IPN hydrogels from biophysical, structural, and 
cell compatibility point of view. The IPN showed a lower swelling ratio, higher 
compressive modulus, and lower degradation rate compared to the GelMA and 
semi-IPN hydrogels, where only GelMA was cross-linked. These differences were 
due to a higher degree of overall cross-linking due to the presence of crystallized SF 
in the IPN hydrogels. Finally, they investigated the fabrication of three-dimensional 
(3D) microscaffolds and assessed their cytocompatibility and found that NIH-3 T3 
fibroblasts readily attached to spread and proliferated on the surface of IPN hydro-
gels, as demonstrated by F-actin staining and analysis of mitochondrial activity 
(MTT). In addition, photolithography combined with lyophilization techniques was 
used to fabricate three-dimensional micropatterned and porous microscaffolds from 
GelMA-SF IPN hydrogels, favoring their versatility in various microscale tissue 
engineering applications. Not only methacrylation of gelatin was used for the devel-
opment of new IPN and semi-IPN networks with the aim to have a cross-linking 
among methacrylate groups of gelatin, thus obtaining the formation of a network of 
gelatin. In this contest, Liu et al. [56] developed a very interesting IPN hydrogel 
based on dextran and gelatin for vascular tissue engineering. In this study, dextran 
was biofunctionalized with methacrylate and aldehyde groups (Dex-MA-AD), and 
the resulting IPN hydrogel was formed by ultraviolet cross-linking of methacrylate 
moieties on Dex-MA-AD and a Schiff base reaction between Dex-MA-AD and 
gelatin, as previously reported in 2.4. Within the framework of tissue engineering, 
also IPN theta-gels™ based on gelatin were developed. As Miao and colleagues 
reported, theta-gels are hydrogels that form during the solidification and phase sepa-
ration of two dislike polymers, in which a low molecular weight polymer behaves 
as a porogen and is removed through dialysis [77]. In their work, PEG was used as 
porogen, and the IPN was obtained from the physical cross-linking of PVA and 
gelatin. The thermal gelation of both PVA and gelatin in the presence of PEG cre-
ated a macro-porous IPN. The short-chain, hydrophilic PEG molecules behaved as 
porogens, aggregating into large domains. After cooling, the PVA-gelatin hydrogel 
was dialyzed for 5 days, allowing the soluble, nucleated PEG molecules to escape 
the hydrogels, creating a large interconnected porous structure (Fig.  7.11). The 
resulting IPN showed an increased storage and elastic moduli compared to PVA- 
gelatin scaffold controls and supported chondrogenic differentiation of MSCs and 
cartilage matrix deposition in the presence of chondrogenic media.
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7.3.2  Collagen

Collagen is the main fibrous protein of the body, and it is possible to find it in 
bones, cartilages, and skins. Nowadays, more than 27 different types of collagen 
have been identified; however, type I collagen is the most widely occurring col-
lagen in connective tissue. Collagen is composed of three α-chains intertwined in 
the so-called collagen triple-helix. This structure is stabilized by intra- and inter-
chain hydrogen bonding, thanks to presence of a repeating sequence of the Gly-
X-Y-, where X is mostly proline and Y is mostly hydroxyproline. Native collagen 
is insoluble in water and almost in every organic solvent; therefore, it must be 
pretreated before to be converted into a form suitable for extraction. A chemical 
pretreatment of collagen breaks non-covalent bonds so as to disorganize the pro-
tein structure, thus producing adequate swelling and collagen solubilization. 
Subsequently, heat treatment cleaves the hydrogen and covalent bonds to desta-
bilize the triple helix, resulting in helix-to-coil transition and conversion into 
soluble gelatin. The degree of collagen conversion into gelatin is related to the 
severity of both the pretreatment and the warmwater extraction process, as a 
function of pH, temperature, and extraction time [78].

PVA, PEG and gelatin
solution, autoclaved

for 1 hour.

Solution was cooled to RT
and formed a physically

crosslinked theta-gel
(before dialysis).

PEG was removed, which
formed a macro-porous
hydrogel (after dialysis).

Fig. 7.11 Schematic 
illustrating the formation 
of a PVA and gelatin 
theta-gel, through the 
physical cross-linking of 
PVA (solid black lines) and 
gelatin (dashed black 
lines), respectively, in the 
presence and subsequent 
removal of PEG. For 
details, see Ref. [77]. 
(Figure reproduced with 
permission)
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Collagen is the most abundant protein of the ECM and favors cell adhesion by 
interacting with cell surface integrins. Being a ubiquitous ECM component, col-
lagen has low antigenicity and excellent biocompatibility and biodegradability. 
Thanks to these features, collagen has been widely investigated in tissue engi-
neering for several biomedical applications. In most of the studies, collagen was 
used in association with hyaluronic acid to obtain hydrogel with enhanced 
mechanical properties [47, 79]. It is worth noticing that both polymers are com-
ponents of the ECM, presenting a range of useful properties such as biocompat-
ibility, participation in cell signaling events, and native biodegradability. On 
these bases, Guo et al. prepared a new IPN based on collagen (Col)/chondroitin 
sulfate (CS)/hyaluronan (HA) [80]. First, CS and HA were chemically modified 
by reaction with methacrylated acid (MA), and then the IPN hydrogels were 
obtained via concomitant self- assembly of collagen and free radical polymeriza-
tion of CSMA and HAMA under physiological conditions. Mechanical proper-
ties of the resulting IPN hydrogels were related to the two networks formed, 
collagen and CSMA/HAMA, respectively, and it was observed that the IPN 
hydrogels prepared with a higher methacrylation of CSMA showed higher com-
pressive modulus, slower degradation rate, and denser network structures com-
pared to the semi-IPN hydrogel. The results of in vitro cell culture indicated that 
the IPN hydrogels had good cytocompatibility, and therefore, they could be 
excellent candidates for three-dimensional cell culture studies. Moreover, the 
authors suggested that these systems might have potential applications in carti-
lage tissue engineering.

Among natural polymers, also alginate was used in association with collagen for 
the formation of a fully IPN by Branco da Cunha et al. Sodium alginate polymeric 
backbone presents no intrinsic cell-binding domains but can be used to regulate gel 
mechanical properties; collagen I presents specific peptide sequences recognized by 
cell surface receptors and provides a substrate for cell adhesion that better recreates 
many in vivo contexts [81]. The alginate network was cross-linked by divalent cat-
ions of calcium that preferentially intercalate between the guluronic acid residues. 
Extensive characterization of the microarchitecture of the alginate/collagen-I IPNs 
revealed that the degree of calcium cross-linking did not change gel architecture or 
porosity, as expected as the polymer concentration in the system was kept constant. 
However, the extent of cross-linking with calcium influenced the storage modulus 
of the resulting IPNs with values ranging from 50 to 1200 Pa. Furthermore, these 
IPNs showed viscoelastic behavior. Tuning the storage modulus of the alginate/
collagen-I IPN also induced different wound healing-related genetic profiles in der-
mal fibroblasts. Another interesting IPN scaffold based on collagen and chitosan 
was developed by Shanmugasundaramet et al. [82], using glutaraldehyde as cross- 
linking agent. In this study, IPN composed of different ratio of collagen and chito-
san was investigated and characterized by Fourier transform infrared spectroscopy 
(FT-IR), differential scanning calorimetry (DSC), and thermogravimetric analysis 
(TGA), and also the swelling behavior was investigated. Thermodynamic investiga-
tions showed that the IPN of collagen-chitosan composite is more thermally stable 
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than the individual networks. The IPN composed of 60:40 collagen/chitosan showed 
a maximum swelling suggesting a high surface area/volume ratio, and thus the cells 
can attach and grow in a three-dimensional scaffold. Finally, in  vitro analyses 
showed that this scaffold can be useful in culture of HEp-2 cells and as an in vitro 
model to test various anticancer drugs.

In the field of tissue engineering, an interesting collagen-based IPN was devel-
oped as corneal substituted by Liu and colleagues [83]. In their study, they prepared 
an IPN network composed of collagen and 2-methacryloyloxyethyl phosphorylcho-
line (MPC). MPC networks were initially developed as a biocompatible, antifouling 
material with a unique, high water-holding capacity. Despite these favorable 
 properties, MPC showed antiadhesive properties that inhibited cell adhesion. For 
this reason, the authors used collagen for the formation of the IPN network. Both 
medical grade porcine collagen and the human recombinant collagen (RHCIII) 
were examined as IPN scaffolds for artificial corneas. Collagen network was real-
ized by cross- linking with 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) 
and N-hydroxysuccinimide (NHS), while the MPC network was cross-linked by 
poly(ethylene glycol) diacrylate (PEGDA) initiated by ammonium persulfate (APS) 
or a photoinitiator, Irgacure 2959. The mechanical characterization of the IPN 
showed that hydrogels fabricated from RHCIII are significantly stronger than those 
of extracted porcine collagen. On the other hand, porcine collagen hydrogels are 
more elastic than RHCIII hydrogels. In vitro degradation tests showed that porcine 
collagen-based hydrogels were more rapidly degraded by the high concentrations of 
collagenase used in the degradation assay, while RHCIII collagen hydrogels were 
more robust but still fully degraded after approximately 20  h. These hydrogels 
retained the properties of collagen in promoting corneal cells and nerve regenera-
tion, showing optical properties comparable to those of the human cornea. In addi-
tion, the glucose and albumin permeability were comparable to those of human 
corneas. Finally, they found that collagen could be substituted with recombinant 
human collagen, resulting in a fully synthetic implant that is free from the potential 
risks of disease transmission (e.g., prions) present in animal source materials.

7.3.3  Elastin

Elastin is an extracellular matrix protein that is known for providing elasticity to 
tissues/organs. As a result, elastin is most abundant in organs where elasticity is of 
major importance, like in blood vessels, in elastic ligaments, in the lung, and in the 
skin [84]. Elastin has an uncommon amino acid composition, with about 75% 
hydrophobic residues (Gly, Val, Ala) and is highly insoluble due to interchain cross- 
links. However, insoluble elastin may also be hydrolyzed to obtain soluble elastin 
preparations. Incorporation of elastin in biomaterials is especially significant when 
its elasticity or biological effects can be exploited. However, several problems may 
occur when using elastin as a biomaterial such as calcification [84]. Not several 
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studies focused on the use of elastin and collagen for biomedical application and as 
drug delivery systems.

7.4  Conclusions

The opportunity to obtain IPNs and semi-IPNs with a wide range of mechanical 
properties and the possibility to tune these properties by combining different kinds 
of natural and synthetic polymers lead to an increasing interest in these materials. 
Hence, literature reported a wide range of applications of these systems in various 
fields. In addition, the patent literature reveals that there are many products based on 
IPN and semi-IPN systems, including adhesive, optically smooth surfaces, damping 
materials, and ion exchange resins [8]. However, the most important applications of 
IPN and semi-IPN hydrogels are their use as drug delivery systems and as biomate-
rials in tissue engineering.

The most important requirements in designing efficient drug or protein delivery 
systems are the active control of site/kinetics of drug release and the improvement 
of the stability of the drug before the delivery [85]. IPNs can provide these require-
ments, exhibiting, by an appropriate choice of the components, a lower toxicity in 
comparison to other systems. They can be design to be endowed with various physi-
cal and biological properties such as enhanced solubility of hydrophobic drugs, 
excellent swelling capacity, stable drug formulations, biodegradability, biocompat-
ibility, weak antigenicity, and specific tissue targeting, which make them suitable 
for drug delivery applications. Several factors like nature and molecular weight of 
the drug, density, pore size of the matrix, degree of cross-linking, and type of sol-
vent govern the release of a drug from an IPN hydrogel.

Over the past years, hydrogels have evolved as promising candidates for engi-
neered tissue scaffolds due to their biocompatibility and similarities to native extra-
cellular matrix.

However, controlling the porosity of a hydrogel is a challenging issue. The abil-
ity to control porosity and the microarchitectural features in hydrogels are vital in 
creating engineered tissues with structure and functions similar to native tissues. 
The importance of the porosity in cell proliferation, survival, and migration are 
widely reported, and an efficient method to obtain reinforced porous hydrogels is 
the accomplishment of an IPN. IPN hydrogels based on fully synthetic polymers 
present the advantage to maintain over the time the elasticity and an enhanced 
strength coupled with high failure stress and stiffness; however, they are not the best 
candidates for cell culture due to their low degradability and toxicity. Therefore, 
biologically derived IPNs, in particular those from collagen and hyaluronic acid, 
have been widely explored for tissue engineering applications. Natural biomaterials 
based IPNs can be design to show dynamic cell-responsive mechanical properties 
which can provide a favorable environment in supporting tissue growth. In the 
 middle, IPNs derived from synthetic and a natural polymer could result in materials, 
which combine the mechanical properties of the synthetic component with the bio-
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logical properties of the natural one, representing, in some cases, the best choice to 
fulfill a specific need.
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Chapter 8   
Promising Biomolecules             

Isabel Oliveira, Ana L. Carvalho, Hajer Radhouani, Cristiana Gonçalves, 
J. Miguel Oliveira, and Rui L. Reis

Abstract The osteochondral defect (OD) comprises the articular cartilage and its 
subchondral bone. The treatment of these lesions remains as one of the most prob-
lematic clinical issues, since these defects include different tissues, requiring distinct 
healing approaches. Among the growing applications of regenerative medicine, clini-
cal articular cartilage repair has been used for two decades, and it is an effective 
example of translational medicine; one of the most used cell-based repair strategies 
includes implantation of autologous cells in degradable scaffolds such as alginate, 
agarose, collagen, chitosan, chondroitin sulfate, cellulose, silk fibroin, hyaluronic 
acid, and gelatin, among others. Concerning the repair of osteochondral defects, tis-
sue engineering and regenerative medicine started to design single- or bi-phased scaf-
fold constructs, often containing hydroxyapatite-collagen composites, usually used 
as a bone substitute. Biomolecules such as natural and synthetic have been explored 
to recreate the cartilage-bone interface through multilayered biomimetic scaffolds. In 
this chapter, a succinct description about the most relevant natural and synthetic bio-
molecules used on cartilage and bone repair, describing the procedures to obtain 
these biomolecules, their chemical structure, common modifications to improve its 
characteristics, and also their application in the biomedical fields, is given.

I. Oliveira · A. L. Carvalho · H. Radhouani (*) · C. Gonçalves 
3B’s Research Group – Biomolecules, Biodegradables and Biomimetics, University of 
Minho, Headquarters of the European Institute of Excellence on Tissue Engineering and 
Regenerative Medicine, Barco, Guimarães, Portugal 

ICVS/3B’s – PT Government Associate Laboratory, Braga/Guimarães, Portugal
e-mail: hajer.radhouani@dep.uminho.pt 

J. M. Oliveira · R. L. Reis 
3B’s Research Group – Biomolecules, Biodegradables and Biomimetics, University of 
Minho, Headquarters of the European Institute of Excellence on Tissue Engineering and 
Regenerative Medicine, Barco, Guimarães, Portugal 

ICVS/3B’s – PT Government Associate Laboratory, Braga/Guimarães, Portugal 

The Discoveries Centre for Regenerative and Precision Medicine, Headquarters at University 
of Minho, Barco/Guimarães, Portugal

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-76735-2_8&domain=pdf
mailto:hajer.radhouani@dep.uminho.pt


190

Keywords Synthetic biomolecules · Natural biomolecules · Bone repair · 
Cartilage repair · Osteochondral defects

8.1  Introduction

Tissue engineering field has been responsible for the promising application devel-
opment to regenerate and repair osteochondral defects. The biomolecules studied 
and applied for cartilage and bone repair are selected considering the knowledge of 
the anatomical complexity of both structures. The increase of knowledge in the 
biomolecular area, with progress in new technology such as cellular, molecular 
biology and biochemistry, offer a good opportunity to create biomolecules with 
stimulating and precise properties [1, 2].

The main properties sought in a biomolecule to be applied for cartilage and bone 
regeneration are biocompatibility, bioactivity, biomimetic skill, and biodegradabil-
ity, being bio-responsive, highly porous, suitable for cell attachment (as well as 
proliferation and differentiation), osteoconductive, non-cytotoxic, flexible and elas-
tic, and nonantigenic [3, 4]. Currently, several natural and synthetic polymers, with 
most of these characteristics, have been studied as therapy for cartilage repair. The 
natural polymers, more used to osteochondral defects, are collagen, fibrin, alginate, 
silk, and chitosan. These biopolymers have been investigated as bioactive scaffolds 
for bone engineering such as alginate, agarose, fibrin, hyaluronic acid (HA), colla-
gen, gelatin, chitosan, chondroitin sulfate, and cellulose [5, 6]. Regarding synthetic 
polymers, they are often considered to be used for proteins’ and growth factors’ 
delivery with or without cells locally to enhance tissue repair and regeneration such 
as poly(ethylene glycol) (PEG), poly(lactic-co-glycolic acid) (PLGA), poly-L- 
lactic acid (PLLA), polycaprolactone (PCL), poly(N-isopropylacrylamide) 
(PolyNiPAAm), and polycarbonate [7, 8]. At this point, it is important to clear up 
that both natural and synthetic materials can be considered biomolecules, since that 
they can be equally used to medical and surgical purposes.

In the following section, promising trends in the development of biomolecules 
for cartilage and bone repair are described.

8.2  Biomolecules

Bone and cartilage are two different tissues with specific structural and mechanical 
properties belonging to osteochondral interface [9].

The biodegradable scaffolds, with or without cells and/or growth factors, have 
been widely used for cartilage and bone repair. Cartilage tissue shows single con-
junction of nonlinear tensile and compressive properties due to arranged collagen 
fibrils, proteoglycans, and proteins. The structural and mechanical properties of 
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natural tissues can be mimicked by engineered bio-nanocomposites through the use 
of polymers and nanoparticles [10].

It is important to highlight that classical scaffolds cannot be together for both 
chondrogenesis and osteogenesis. Scaffolds with two layers have more potential, 
being organized by different space structures and mechanical forces. One layer is 
responsible by the repair of the cartilage, and the other layer supports the regenera-
tion of the subchondral bone [11].

8.2.1  Natural Materials

Nature has been using natural polymers long before the creation of plastics and 
other synthetic materials. For that reason, the natural biomolecules’ development is 
not truly a scientific area. Nonetheless this not turns it less important, in fact the use 
of this products is currently resurging in the biomedical field. Natural polymers 
remain attractive compared with synthetic polymers since they can avoid waste dis-
posal problems that are associated with traditional synthetic polymers. Moreover, 
these polymers present more advantages related to the possibility of several chemi-
cal modifications, potential to be degradable and biocompatible due to their natural 
origin [12].

Over the past few years, this area have gained special attention, and a large num-
ber of biomolecules have been reported as a great option to apply on osteochondral 
defects repair and regeneration [13–20].

8.2.1.1  Silk Fibroin

Silk fibroin (SF) is a natural polymeric biomolecule composed of two proteins: 
hydrophobic fibroin and hydrophilic sericin. This biopolymer shows several inter-
esting characteristics for tissue engineering, such as mammalian cell compatibility, 
remarkable oxygen and water vapor permeability, biodegradability, and suitable 
mechanical properties, with a unique combination of elasticity and strength [21]. 
Recently, the attention for silk biomolecules has increasing, since this biomolecule 
has shown to be a great option as a therapeutic material like biomimetic scaffolds 
for tissue engineering [22, 23].

Silk fibroin presents crystalline regions, with an amino acid sequence (Table 8.1) 
due to their heavy chains (350  kDa), and non-repetitive amorphous regions. 
Moreover, SF also presents three crystal structures denoted as silk I, silk II, and silk 
III [24, 25].

Silk proteins, present in glands of silk, can be obtained from silkworms, spiders, 
scorpions, mites, and bees and spun into fibers during their metamorphosis [26]. 
The cannibalistic nature of spiders represents a difficulty on the commercial pro-
duction of spider silk. For that reason, silkworm’s silk, an established fiber, has been 
the option for textile but also for medical research area. In fact, the yield of fiber 
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Table 8.1 Structures of the main biomolecules used in osteochondral tissue engineering

from a single silk cocoon is 600–1500 m, compared to only about 137 m from the 
ampullate gland of a spider and about 12 m from the spider web [27]. Silk-based 
biomaterials can be easily prepared from Bombyx mori silkworm silk. The raw silk 
fibers (cocoons) are degummed with Na2CO3 solution at 100 °C, rinsed with  distilled 
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water in order to extract the highly immunogenic sericin protein (other protein 
secreted by silk worm) and then air-dried. SF thus extracted is dissolved in a ternary 
solvent containing CaCl2, CH3CH2OH, and H2O, at 70 °C for 1 h, with continuous 
stirring. The final regenerated SF solution is obtained following dialysis against 
distilled water and filtration at room temperature [28].

As refereed above, SF fibers have been extensively used in biomedical field, 
namely, as surgical sutures, not presenting side effects for humans [24]. In fact, due 
to its excellent properties, SF is considered one of the best biomolecule for tissue 
engineering, more specifically for skeletal and osteochondral applications [26, 29]. 
Another add value of SF is the fact that besides the ways it is processed (films, 
sponges, or hydrogels), it is able to sustain cell adhesion and proliferation and even 
shown capable of ECF production in vivo and in vitro with a low inflammatory 
potential [30].

Several research studies have shown the potential of SF for osteochondral defect 
regeneration. In fact, silk fibroin scaffolds showed to be osteoinductive with good 
integration of stem cell-silk biomolecule, which is elementary in the bone or carti-
lage area [31].

8.2.1.2  Collagen

Collagen is the primary structural material of vertebrates and is the most abundant 
protein in mammalian, accounting for about 20–30% of the whole-body protein 
content [32]. In the human body, collagen is mostly found in fibrous tissues such as 
tendons, the skin, ligaments, and also tissues (as cartilage, bone, and intervertebral 
disc), and mostly collagen in the body is of type I [33]. In fact, it is in the skin that 
collagen is more abundant, and about 70% of the material, besides water that are 
present in dermis of skin and tendon, is collagen [34]. Collagen is synthesized by 
fibroblasts, which usually originate from pluripotential adventitial cells or reticu-
lum cells [35]. There are different collagen types, differentiated by their complexity 
and diversity in their structure, their splice variants, the presence of additional, 
non- helical domains, their assembly, and their function. Types I and V collagen 
fibrils are the main contribution for the structural backbone of the bone, while type 
II and XI collagens predominantly contribute to the fibrillar matrix of articular 
cartilage [36].

Collagen is gaining popularity not only for the easier way of fabrication since it 
can be processed, through chemical and biochemical modifications, into a variety of 
forms including cross-linked films, steps, sheets, beads, meshes, fibers, and sponges. 
Furthermore, it presents a unique structural, physical, chemical, and immunological 
properties, being biodegradable, biocompatible, and non-cytotoxic, supporting cel-
lular growth [37, 38].

Collagen can be extracted from bovine skin, pig skin, and chicken waste, but 
these kinds of sources could have religious and ethnic constraints. Taking this into 
account many reports have been showed to extract collagen from marine sources as 
alternative source and have used to screen their potential industrial applications 
[39, 40].
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Collagen molecules are structural macromolecule of the extracellular matrix 
(ECM) comprising three polypeptide chains. These chains, aligned in a parallel 
manner and coiled in triple helix, wrap around each other by interstrand hydrogen 
bonds in a stabilized form [38]. Collagen production is quite simple, and a diversity 
of matrix systems, such as meshes, hydrogels, scaffolds, injectable solutions, and 
dispersions, among others, can be achieved [41]. Several studies showed that colla-
gen-based scaffolds provide a suitable scaffold for cartilage and bone regeneration, 
as it supports the adhesion, migration, and proliferation of cells in vitro [18, 42].

8.2.1.3  Chitosan

Chitosan polysaccharide is the only pseudo-natural cationic polymer and an impor-
tant derivative of chitin. Chitin is a homopolymer comprised of 2-acetamido-2- 
deoxy-b-D-glucopyranose units [43] (Table 8.1). It has application on the biomedical 
field and many others, due to its unique cationic character (protonation of the amino 
group) [44]. Extensive research has been conducted in order to improve chitosan 
characteristics for specific applications. This polysaccharide mostly finds its appli-
cation in wound dressings and scaffolds (on physical cross-linking) and as antimi-
crobial agent [45, 46]. Moreover, although it has several interesting properties (such 
as biodegradability and non-toxicity) [47], this biopolymer has poor mechanical 
properties and high swelling ability, getting easily deformed, which is generally 
improved by blending with other polymers [48].

8.2.1.4  Alginate

Alginate is a linear and anionic natural polysaccharide derived from brown seaweed 
such as Laminaria hyperborea, Macrocystis pyrifera, and Ascophyllum nodosum. 
This biopolymer is composed of alternating blocks of α-1, 4-l-guluronic acid (G) 
and β-1,4-d-mannuronic acid (M) units [49] (Table 8.1). The monomer sequence 
can diverge depending on algal species and different tissues of the same species. 
The ratio between monomers and the block structure has a significant effect on the 
physicochemical and rheological properties of alginates. These biopolymers with 
more industrial significance usually show high G content [50, 51]. Although it can 
be produced by bacterial sources, it is commercially available from algae in the 
form of salt, e.g., sodium alginate. This biomolecule presents excellent properties, 
namely, their biodegradability, low toxicity, and chemical versatility, but also its 
unique property to form stable gel in aqueous media and mild condition by addition 
of multivalent cations makes this biopolymer very useful for drug delivery and cell 
immobilization [52].

The main industrial applications of alginates are linked to their ability to 
 cross- link with ions, retain water, gelling, viscosity booster, and stabilizing 
 properties [53].

I. Oliveira et al.



195

Alginate’s extraction procedure from brown algae has suffered an optimization 
to obtain more industrially and economically sustainable products, with controlled 
properties as to envisage different therapeutic applications [50, 54].

Alginate is widely used on biotechnological industry, due to its ability to effi-
ciently bind divalent cations, leading to hydrogel formation, being also a perfect 
candidate for chemical functionalization. By forming alginate derivatives through 
chemical functionalization, the various properties such as solubility, hydrophobic-
ity, and physicochemical and biological characteristics may be improved. Several 
studies reported the alginate chemical modification of hydroxyl groups through dif-
ferent techniques such as oxidation [55], reductive amination of oxidized alginate 
[56], sulfation [57], copolymerization, or cyclodextrin-linked alginate [58] and also 
chemical modification of carboxyl groups using other techniques as esterification 
[59], Ugi reaction [60], or amidation [61, 62]. Alginate has been extensively used 
for many biomedical applications. It could form scaffolds through the use of ionic 
cross-linking, allowing for encapsulation of cells.

8.2.1.5  Cellulose

Cellulose is the most widely spread natural raw material with total production of 
1011–1012 tons/year. It is a cheap, biodegradable, and renewable polymer, being 
fibrous and the main constituent of the cell wall of green plants. Cellulose has a 
versatile production and exists in a wide range of forms and shapes, e.g., as mem-
brane sponges, microspheres, and non-woven, woven, or knitted textiles [33]. 
Commercial sources of cellulose include mainly wood or cotton. However, cellu-
lose can also be extracted from different parts of plants and other sources [33]. 
Usually, purification and isolation processes almost engender the degradation of 
cellulose and also permit the cellulose to undergo oxidation by reaction with both 
acids and bases [63].

Cellulose is one of the many beta-glucan compounds; it is a polycarbohydrate 
composed of a series of cellobiose units, formed by two anhydroglucose subunits 
(Table 8.1). This polysaccharide presents unique properties and cannot be synthe-
sized or hydrolyzed due to its intricate hydrogen bond network. This complex is 
also responsible for the good mechanical properties of cellulose, important for its 
function in nature [63]. Purification and isolation of cellulose comprises several 
steps including a pulping process, partial hydrolysis, dissolution, re-precipitation, 
and extraction with organic solvents. Cellulose polymer allows the proliferation of 
chondrocytes and also has shown an interesting biocompatibility [64]. Moreover, it 
was found that a product based on hydroxypropyl methylcellulose hydrogel may be 
used for articular cartilage repair [16]. This versatile compound could also be modi-
fied for bone defects, due to its good mechanical properties.
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8.2.1.6  Agarose

Agarose is a neutral linear polysaccharide extracted from red algae (Rhodophyceae) 
and is the major component of agar, being the other component of agaropectin. It is 
composed of alternating β-D-galactopyranose and anhydro-α-L-galactopyranose 
[16] (Table 8.1). Agarose gel characteristics are determined by two parameters: tem-
perature and concentration, being obtained through changing temperatures. Cross- 
linked alginate matrix can be formed via ionic bonding in the presence of Ca2+ [42]. 
Agarose hydrogels are at present well characterized and have been studied in differ-
ent biomedical fields. The hydrogels may be polymerized in situ, reducing invasive-
ness of the surgery and allowing the hydrogel to acquire the required shape [65].

These kind of hydrogels have been extensively studied for chondrocyte culture 
and cartilage tissue engineering, by its mechanical and cell-seeding density proper-
ties [66–68]. Moreover, agarose also demonstrated to be a great option for cell ther-
apy with chondrocytes or mesenchymal stem cells (chondrocyte- or MSC-laden 
hydrogels) in osteochondral defects. This approach ensure physiologically relevant 
mechanical properties and allows the formation of a repaired tissue containing col-
lagens and proteoglycans [69].

8.2.1.7  Hyaluronic Acid

Hyaluronic acid (HA) is a polysaccharide that can be found in all tissues and body 
fluids of vertebrates. It can also be found in some bacteria such as Streptococcus 
genus. This polysaccharide, a linear polymer composed of N-acetylglucosamine 
and glucuronic acid (Table 8.1), is especially abundant in loose connective tissue. 
HA is a polyanion with a pKa around 2.9. It is a pseudoplastic material, and in aque-
ous solutions, it has shear-thinning properties, behaving like gelatin [70]. HA has a 
remarkable hydrodynamic characteristics, especially in terms of its viscosity and its 
ability to retain water, thus having an important role in tissue homeostasis and bio-
mechanical integrity [71]. HA is produced through bacterial fermentation of strep-
tococcus species or extracted from rooster combs, umbilical cords, synovial fluids, 
the skin, or vitreous humor for commercial purposes. The usual sources for its 
industrial production are bovine vitreous humor, bovine synovial liquid, and rooster 
crest, with an increasing interest to bacterial cultivations [72].

Although the HA extraction protocols have been developed and optimized over 
the years, these protocols are still limited to low yields. The HA products are mostly 
from animal origins, which have several risks of proteins and viruses’ contamina-
tions. But the risks can be reduced if there is a special care in choosing tissues from 
healthy animals [73].

Alternatively, HA biomolecule could be functionalized in order to obtain a more 
rigid and stable, hydrophobic, and less susceptible enzyme decomposition. These 
functionalizations include sulfation, carbodiimide-mediated modification, esterifi-
cation, hydrazide modification, and cross-linking with polyfunctional epoxides, 
divinyl sulfone, and glutaraldehyde, among others [70].
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HA presents several advantages, namely, for adhesion of cells, extracellular 
matrix deposition, transport of gases and nutrients, and metabolic product release. 
It offers a good interface of material-cell function mainly due to the HA 3D struc-
ture with a significant porosity, surface, and space area. This polymer has been 
reported as an important role in joint lubrication, nutrition, and preserving cartilage 
properties since it can help in the control of water balance [70, 74, 75]. All these 
evidences turn HA a good option for articular cartilage, besides the fact that it is also 
able to maintain normal growth of cartilage cells and promote the integration of 
transplanted chondrocytes and damaged cartilage [76, 77].

8.2.1.8  Gellan Gum

Gellan gum, a bacterial polysaccharide, is a linear and anionic exopolysaccharide, 
with the repeating unit consisting of α-l-rhamnose, β-d-glucose, and β-d-glucuronate, 
in molar ratios of 1:2:1 (Table 8.1). Gellan is produced by the bacteria Sphingomonas 
elodea, and the process efficiency is dependent on many factors such as media com-
position, pH, temperature, agitation rate, and available oxygen. Native form of gel-
lan contains two types of acyl substituents, namely, l-glyceryl and acetyl. Usually, 
alkaline hydrolysis is used to remove both of the residues and gives deacetylated 
gellan, also called low acetyl or low acyl [78].

Native low acyl gellan can forms hydrogels in the presence of mono-, di-, and 
trivalent cations [79]. With native gellan, it is possible to obtain a soft, easily deform-
able gels, while with deacetylated one, it results to rigid and brittle gels. The pro-
duction of gellan gum is temperature dependent, at least 70  °C is needed, with 
subsequent cooling (to room temperature) to change the conformation of polymer 
chains [79–81]. Commonly, gellan gum is used as agar substitute since it can be 
clarified by filtration of hot deacetylated gellan gum [78]. In fact, due to the advan-
tages of GG, it has received both US FDA and EU approval, being widely used in 
many food, cosmetics, pharmacy, and medicine applications [79, 82]. It has also 
being applied in tissue engineering, mostly as a material for cartilage reconstruction 
[79, 82]. Moreover, some researchers have modified gellan gum with methacrilated 
groups to improve its physical and mechanical properties, without affecting its bio-
compatibility, being relevant in a widespread of tissue engineering applications 
[83]. Moreover, gellan gum gel also showed to be a promising material for cartilage 
tissue engineering [84].

8.2.1.9  Chondroitin Sulfate

Chondroitin sulfate, member of the glycosaminoglycan family, is a complex sul-
fated polysaccharide containing repetitive units of glucuronic acid and galactos-
amine extensively distributed in human and other mammals and invertebrates, as 
well as some bacteria [85, 86] (Table 8.1). It is negatively charged and responsible 
for the water retention of the cartilage, which is essential for pressure resistance 
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[87]. Moreover, chondroitin sulfate has a molecular mass of 20–80 kDa [88] depend-
ing with source, being always heterogeneous with respect to size. The sources for 
extraction can be bovine, chicken and porcine, and also marine species such as bony 
fishes, whale, shark, squid, and salmon [86, 89, 90]. This polysaccharide is largely 
used as a biomacromolecule in the treatment of osteoarthritis via oral administration 
alone or in combination with other active ingredients [90]. The isolation process of 
from cartilage has been defined for many years and generally includes four steps: 
(1) chemical hydrolysis of cartilage, (2) breakdown of proteoglycan core, (3) elimi-
nation of proteins and recovery, and (4) purification [86]. Recently, chondroitin sul-
fate was shown to enhance resistance to apoptosis in vascular cells [91].

8.2.2  Synthetic Materials

Synthetic polymers are very attractive candidates as their material properties are 
typically more flexible than those of natural materials, being also possible to control 
the mechanical and chemical properties of synthetic polymers. Since it is possible 
to have a superior control on the production, synthetic materials can be non-toxic, 
available, and inexpensive to produce and can be compatible with cells. For these 
reasons, synthetic polymers are being used for tissue engineering and regenerative 
medicine; however, they do not have the inherent qualities that can promote desir-
able cell responses. The most common synthetic polymers are poly-lactic acid 
(PLA, which is present in both L and D forms), poly-glycolic acid (PGA), and their 
copolymer poly(lactic-co-glycolic acid) (PLGA) [86, 90]. Some examples of syn-
thetic biomolecules will be discussed in the following topics.

8.2.2.1  Polycaprolactone

Polycaprolactone (Table  8.1) is a hydrophobic and semicrystalline polymer. Its 
crystallinity tends to decrease with increasing molecular weight. Extensive research 
on its application in the biomedical field has been performed due to its amazing 
properties, for instance, good solubility, low melting point, and exceptional blend 
compatibility. This polymer can be prepared by either ring-opening polymerization 
of ɛ-caprolactone using a variety of anionic, cationic, and coordination catalysts or 
also via free-radical ring-opening polymerization of 2-methylene-1-3-dioxepane. 
Polycaprolactone has many advantages over other polymers such as tailorable deg-
radation kinetics and mechanical properties (ease molding and manufacturing 
enabling suitable pore sizes conducive to tissue in-growth and controlled delivery of 
drugs). Furthermore, functional groups can be added to turn the polymer more 
hydrophilic, adhesive, or biocompatible that enabled favorable cell responses [90, 
91]. Recent research demonstrated that the PCL-HA scaffolds loaded with bone 
marrow cells improved chondrogenesis, and implantation of these scaffolds for 
osteochondral repair enhanced integration with host bone [92].
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8.2.2.2  Poly(Lactic-Co-Glycolic Acid)

Poly(lactic-co-glycolic acid) (Table  8.1) is a copolymer of poly-lactic acid and 
poly-glycolic acid. This compound contains an asymmetric α-carbon which is 
typically described as the D or L form in classical stereochemical terms and some-
times as R and S form, respectively. The enantiomeric forms of the polymer poly-
lactic acid are poly-D-lactic acid and poly-L-lactic acid. This polymer is the best 
defined material available for drug delivery regarding to shape and performance. 
In fact, poly(lactic-co-glycolic acid) can have any shape and size and can encapsu-
late molecules of any size. It is soluble in wide range of common solvents includ-
ing chlorinated solvents, tetrahydrofuran, acetone, ethyl acetate, and water (by 
hydrolysis of its ester linkages). Due to the hydrolysis of this polymer, parameters 
of a solid formulation can change, such as the glass transition temperature, molec-
ular weight, and moisture content. The change in poly(lactic-co-glycolic acid) 
properties during polymer biodegradation influences the release and degradation 
rates of incorporated drug molecules. Mechanical strength of the poly(lactic-co-
glycolic acid) is related to physical properties such as molecular weight and poly-
dispersity index that can affect the ability of drug delivery device and may control 
the device degradation rate and hydrolysis. Mechanical strength, swelling behav-
ior, capacity to suffer hydrolysis, and biodegradation rate of the polymer are influ-
enced by the degree of crystallinity of poly(lactic-co-glycolic acid) [86, 93]. 
Several researches showed the use of this biomolecules to treat osteochondral 
defects [94, 95].

8.2.2.3  Poly(Ethylene Glycol)

Poly(ethylene glycol) (Table 8.1) is a linear or branched neutral polyether that has 
molecular weights less than 1000. This biomolecule is viscous and soluble in water 
and also in most organic solvents. The melting point of the solid is proportional to 
molecular weight, approaching 67 °C. Poly(ethylene glycol) is normally prepared 
by an anionic initiation process with few chain transfer and terminal steps. This 
polymer has much interest in biomedical community because it is nontoxic, soluble, 
and high mobile and does not harm active proteins or cells. This biomolecule is 
weakly immunogenic and FDA approved for internal consumption. Furthermore, it 
interacts with cell membranes and partitioning controlled by making derivatives. If 
covalently linked, poly(ethylene glycol) will solubilize other molecules, render pro-
teins nonimmunogenic and toleragenic, change electroosmotic flow, change render 
surfaces protein-rejecting, move molecules across cell membranes, and change 
pharmacokinetics [96, 97]. Hui and co-workers showed that the rehydrated freeze- 
dried oligo[poly(ethylene glycol)fumarate] hydrogel can enhance formation of 
hyaline-fibrocartilaginous mixed repair tissue of osteochondral defects in a small 
model [98].
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8.2.2.4  Poly(N-Isopropylacrylamide)

Poly(N-isopropylacrylamide) (Table 8.1) is a biocompatible and stimuli-responsive 
polymer with potential pharmaceutical applications, including controlled drug 
delivery, artificial muscles, cell adhesion mediators, and precipitation of proteins. 
This polymer can be synthesized from N-isopropylacrylamide, which is commer-
cially available and can be polymerized through different methods. This polymer, 
water soluble at room temperature, is able to suffer transition above 32 °C (the low 
critical solution temperature, LCST). This temperature of such thermally sensitive 
poly(N-isopropylacrylamide) can be adjusted to a desired temperature range by 
copolymerization with a more hydrophilic comonomer, which raises the LCST, or a 
more hydrophobic comonomer, which lowers the LCST.  When temperature is 
increased above its LCST (hydrophobic), the hydrophobic isopropyl groups are 
exposed to the water interface and so insoluble, suffering a collapse into gel form. 
Therefore researches reported the modifications of poly(N-isopropylacrylamide) 
which showed a great interest to tailor the LCST of poly(N-isopropylacrylamide) 
systems for drug delivery [99, 100]. Moreover, it has been shown that hydrogel 
obtained by covalently grafting poly(N-isopropylacrylamide) to hyaluronan is bio-
compatible and does not interfere with the intrinsic healing response of osteochon-
dral defects in a rabbit model [101].

8.3  Final Remarks

The biomolecules discussed in this chapter covered some of the most current mate-
rials that can be used in osteochondral defects treatment. The biomolecule produc-
tion procedures, their chemical structures, and also their modifications as well as 
their applications on the bone and cartilage were described for each one of them, as 
well as its characteristic favorable and the unfavorable properties. To overcome 
these unfavorable characteristics, several methodologies have been employed and 
are under research nowadays. In fact, physical and chemical modifications could be 
performed to overcome these problems.

The field of cartilage tissue engineering has developed novel biological solu-
tions; there is still a paucity of clinical options for treatment. Although the field has 
concentrated on finding therapies for local lesions, it has now developed sufficiently 
to begin considering the challenge of finding novel solutions for the extensive joint 
damage osteochondral defects. In fact, the development of novel biomolecules to 
apply on osteochondral defects is an extremely active and challenging area of 
research, due to the complexity of treating two different tissues. The best biomole-
cules should possess several properties and characteristics, which actively partici-
pate both on cartilage and bone repair and regeneration.
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Abstract Osteochondral lesions represent one of the major causes of disabilities in 
the world. These defects are due to degenerative or inflammatory arthritis, but both 
affect the articular cartilage and the underlying subchondral bone. Defects from 
trauma or degenerative pathology frequently cause severe pain, joint deformity, and 
loss of joint motion. Osteochondral defects are a significant challenge in orthopedic 
surgery, due to the cartilage complexity and unique structure, as well as its exposure 
to high pressure and motion. Although there are treatments routinely performed in 
the clinical practice, they present several limitations. Tissue engineering can be a 
suitable alternative for osteochondral defects since bone and cartilage engineering 
had experienced a notable advance over the years. Allied with nanotechnology, 
osteochondral tissue engineering (OCTE) can be leveled up, being possible to cre-
ate advanced structures similar to the OC tissue. In this chapter, the current strate-
gies using nanoparticles-based systems are overviewed. The results of the studies 
herein considered confirm that advanced nanomaterials will undoubtedly play a 
crucial role in the design of strategies for treatment of osteochondral defects in the 
near future.
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9.1  Introduction

Osteochondral tissue defects affect both the articular cartilage and the underlying 
subchondral bone (Fig.  9.1). Usually, these defects are due to degenerative or 
inflammatory arthritis and represent one of the major causes of disabilities in the 
world [1, 2].

Osteochondral lesions lead to the formation of fibrocartilage with different bio-
mechanical properties from the native hyaline cartilage and do not protect the sub-
chondral bone from further degeneration. Damage from trauma or degenerative 
pathology frequently causes severe pain, joint deformity, and loss of joint motion 
[3]. Osteochondral tissue repair requires an advanced knowledge of how bone and 
cartilage interact, that is, comprehension of the osteochondral interface and its com-
bined yet separate mechanical strengths, structure, and biology [4, 5].

Osteochondral defects are a big challenge in orthopedic surgery, due to the carti-
lage complexity and unique structure, as well as its exposure to high pressure and 
motion. Current clinical treatments comprise palliative methods (arthroscopic 
debridement), intrinsic repair enhancement (microfracture), tissue transplantation 
(osteochondral autograft), and cell-based tissue repair (autologous chondrocyte 
implantation) [6].

Fig. 9.1 Osteochondral 
tissue structure.  
(A) Superficial zone,  
(B) middle zone,  
(C) deep zone  
and calcified cartilage,  
and (D) subchondral bone. 
(Adapted with  
permission [10])
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Despite the progress in clinical treatment, there are several limitations, such as 
the amount of material available, the donor site morbidity, and the difficulty to 
match the topology of the grafts with the injured site [7]. Furthermore, the absence 
of a scaffold able to guide cell differentiation and support the secretion of a structur-
ally coherent ECM, simultaneously with the inherent predisposition of chondro-
cytes to dedifferentiate into fibroblast-like phenotypes upon ex  vivo expansion, 
represents a big limitation of current clinical treatments [8]. Clinical treatments 
generally need long postoperative treatments, with limited mechanical loading, 
until tissue remodeling is achieved at the defect site, and, although patients initially 
demonstrate improvement, studies show that the functionality of the tissue is not 
improved in the long term [9].

Tissue engineering takes advantage of biomaterials, scaffolds, and cells to regen-
erate injured tissue, and it is a suitable alternative for osteochondral defects. The 
study of both bone engineering and cartilage engineering has experienced a great 
advance over the years, and it is improving the understanding of tissue engineering 
materials and biology [10].

Strategies to osteochondral repair using tissue engineering typically involve 
nanoparticles-based system. These systems play a key role in the repair of 
osteochondral defects and must have a number of criteria such as possess similar 
mechanical properties as the native tissue; support the growth and proliferation of 
cells; be biocompatible, non-immunogenic in  vivo; and remain integrated in the 
defect while subjected to repetitive physiological loads, till the tissue repair is 
complete [11].

Herein, the current osteochondral tissue engineering (OCTE) strategies using 
nanoparticles-based systems are overviewed.

9.2  Nanoparticles-based Systems for Osteochondral Repair

Nanotechnology opens up a new era for tissue engineering (TE), with nanoparticles 
(NPs) being applied in several approaches, from scaffold construction to drug 
delivery or cell tracking. This versatility is a result of the several NP available and 
countless functionalization reactions that can be used to tailor NP for a desired 
application. These include antibodies, labeling probes, hydrophobic or hydrophilic 
molecules, DNA, and/or oligonucleotides [12].

Considering its nature, NP can be divided as organic and inorganic. Organic NP 
can include liposomes and polymeric NP. These are mostly used as delivery sys-
tems or reservoirs. On the other hand, inorganic NPs comprise silica and metallic 
NP, bioceramic and bioactive glass NP, carbon nanotubes, and quantum dots (QD) 
[13]. Although all of them are of inorganic nature, they have distinct properties 
and, consequently, different applications that will be further discussed in this 
chapter.

9 Nanoparticles-Based Systems for Osteochondral Tissue Engineering
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9.2.1  NP for Scaffolding Applications

Anatomically, the bone can be considered as a hierarchical complex nanocompos-
ite, with an organic extracellular matrix, strengthened by inorganic calcium phos-
phate NPs, namely, hydroxyapatite (HA) crystals [14]. Hence, bioceramic NPs, like 
HA or tricalcium phosphate (TCP), are broadly applied in biomedical field alone or 
combined with natural [15, 16] or synthetic polymers [17, 18]. This combination 
results into a nanocomposite [19], usually with a similar structure to the one 
observed in bone. These biomaterials usually hold superior mechanical properties 
[20] which are very attractive for bone tissue engineering strategies. Indeed, bone- 
inspired hybrid scaffolds, comprising an organic and an inorganic portion with 
similar size and functionality as natural nanosized inorganic ceramic particles, have 
been considered as a potential approach to mimic the bone part of OC region.

Following this rationale, Nowicki et al. [18] combined fused deposition model-
ing technique (FDM) and nanocrystalline HA (nHA) to design a scaffold with tun-
able porosity and improved bone marrow human mesenchymal stem cell (hMSC) 
adhesion, growth, and osteochondral differentiation. The nanocomposite scaffold 
was constituted by a mix of poly(ethylene glycol) (PEG) and PEG diacrylate, as 
organic phase, and an nHA equivalent of 60% wt of PEG-DA as inorganic part. Bare 
scaffolds, i.e., without inorganic phase, were also studied to mimic the cartilaginous 
part of the OC region. Using a supplemented media with chondrogenic factors as 
culture media, it was possible to observe that the presence of nHA enhanced the 
osteogenic differentiation of hMSC but inhibited chondrogenic differentiation. On 
the other hand, cells cultured in scaffolds void of nHA showed enhanced 
chondrogenic differentiation rather than osteogenic.

In another approach, Amadori et al. [16] combined gelatin, a natural polymer, 
with nHA, using a gradient of these NPs to better mimic the OC anatomy. The 
scaffold is obtained using a bottom-up strategy where different layers of gelatin, 
combined with a decreasing gradient of nHA (50% wt., 30% wt., and 0% wt.), are 
glued together to obtain a multilayer scaffold. Such scaffolds showed interconnected 
porosity, which was not affected by the presence of nHA. Conversely, the mechanical 
performance of the resulting scaffolds was greatly improved by the presence of an 
inorganic phase. As expected, the presence of nHA pushed hMSC, seeded on these 
scaffolds, into an osteogenic lineage, while on the layer without nanoparticles, cells 
differentiated into a chondrogenic lineage.

Another interesting method was considered by Mellor et al. [21]. After conclud-
ing that an elevated extracellular concentration in calcium promoted the osteogenic 
differentiation of human adipose stem cells (hASC) but inhibited chondrogenic 
differentiation, the authors engineered a scaffold with site-specific calcium 
concentrations. For that, the authors used polylactic acid nanofibers, obtained by 
electrospinning, containing either 0% or 20% of TCP nanoparticles corresponding 
to low and elevated calcium concentration, respectively. Scaffolds were then seeded 
with hASC and cultured in presence of chondrogenic differentiation medium. Under 
such conditions, hASC differentiated locally into cartilage in the layers with no TCP 
and generated calcified tissue in layers containing 20% TCP, as anticipated.
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9.2.2  NP for Imaging

Another application of NP is as imaging tracking agents. Either incorporated within 
a scaffold or internalized by cells, NPs appear as a good alternative for noninvasive 
tracking of TE constructs [13]. Different NPs can be used as contrast agents, being 
the most common: the magnetic nanoparticles [22, 23], gold NP [24], mesoporous 
silica NP [25], and quantum dots (QDs) [26]. The detection method is dependent on 
the type of NP used and can include magnetic resonance (MRI), computed 
tomography (CT), and photo-acoustic imaging.

Magnetic nanoparticles (MNP) are composed by magnetic elements such as 
iron, nickel, cobalt, and their oxides [27, 28]. Typically, MNP are detected using 
MRI techniques due to their magnetism and strong contrast enhancement effects 
[27]. Since MNP can be functionalized at surface level, these particles can be 
modified to recognize specific targets or to include fluorescent probes for multimodal 
imaging. Thence, these NPs are a very versatile tool for imaging processes, cell 
tracking and isolation, biosensors, guided drug and gene delivery, 3D cell 
organization, and hyperthermia [28]. Nevertheless, care must be taken when a 
biological application of NP is envisaged, as particles can be toxic for cells or may 
alter their phenotype [29].

To access whether MNP can be used together with rabbit chondrocytes, Su et al. 
[30] labeled these cells with commercial iron oxide magnetic nanoparticles and 
further analyzed cell proliferation, viability, and differentiation capacity. After 
finding an optimal concentration (250 μg/ml), the authors concluded that, at this 
concentration, MNP did not affect cell morphology, viability, or phenotype. 
Additionally, the authors took advantage of the magnetic properties of NP to guide 
cells inside of a biphasic scaffold made by type II collagen-chitosan/PLGA.

9.2.3  NP as Delivery Vehicles

Nanoparticles-based systems have the potential to provide more effective tissue 
regeneration when compared to the existing therapies. Systems containing 
nanoparticles loaded with bioactive agents can be used for their local delivery, 
enabling site-specific pharmacological effects, for instance, the induction of cell 
proliferation and differentiation and, therefore, neo-tissue formation, such as carti-
lage repair and bone regeneration [31].

As aforementioned, magnetic NP can be used to take advantage of their inherent 
magnetic properties, but they can also be functionalized to deliver specific molecules 
to cells. Taking advantage of this, Zhang et al. [32] developed a new Fe3O4 magnetic 
nanoparticle coated with nanoscale graphene oxide to label stem cells and delivery 
growth factors. These nanoparticles were successfully fabricated, with an average 
diameter of 10 nm, and exhibited a core-shell structure and kept high-saturation 
magnetization values. The Fe3O4 magnetic nanoparticle coated with nanoscale 
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graphene oxide did not affect the viability and proliferation of dental-pulp stem 
cells (DPSCs), and nanoparticle-labeled cells could be organized via magnetic force 
to form multilayered cell sheets with different patterns. When compared to 
traditional Fe3O4 nanoparticles, the graphene oxide coating gives abundance of 
carboxyl groups to bind and deliver growth factors. With these Fe3O4 magnetic 
nanoparticle coated with nanoscale graphene oxide, bone-morphogenetic-protein-2 
(BMP2) is favorably included into DPSC sheets to promote more bone formation. 
Moreover, an integrated osteochondral complex is also constructed using a 
combination of DPSCs/TGF-β3 and DPSCs/BMP2. This study showed that Fe3O4 
magnetic nanoparticle coated with nanoscale graphene oxide supports a novel 
magnetically controlled vehicle for stem cells and growth factors to construct 
protein-immobilized cell sheets, and they have promising potential for future use in 
regenerative medicine.

Other recent study developed a bilayer scaffold, in order to promote the regen-
eration of osteochondral tissue within a single integrated construct. For the sub-
chondral bone layer, organic type I collagen and the inorganic hydroxyapatite were 
used to mimic the bone matrix. A composite scaffold was made through mineraliza-
tion of hydroxyapatite nanocrystals, with oriented growth on collagen fibrils. For 
that, a multi-shell NP system with different layers was developed, comprised by a 
calcium phosphate core and a DNA/calcium phosphate shell conjugated with poly-
ethyleneimine to operate as nonviral vectors for delivery of plasmid DNA encoding 
BMP2 and TGF-β3. For this, it was used microbial transglutaminase as a cross-
linking agent to cross-link the bilayer scaffold. The results showed that the pro-
duced scaffold has the capacity to promote transfection of human mesenchymal 
stem cells (hMSCs) and the functional osteochondral tissue formation. Moreover, 
the sustained release of plasmids, BMP2 and TGF-b3, from gene-activated matrix 
could induce prolonged transgene expression and stimulate hMSC differentiation 
into osteogenic and chondrogenic lineages by spatial and temporal control manner. 
This system may increase the functionalization composite graft to accelerate heal-
ing process for osteochondral tissue regeneration [33]. This work is a great example 
of the versatility of NP, since they were used not only to mimic the natural anatomy 
of the subchondral bone layer but also to simultaneously deliver nonviral vectors, 
improving the outcome of the system.

Polymeric NPs have been also greatly used in recent years, owing to their bulk 
physical properties, tunable architecture, and biodegradability. Synthesis of 
polymeric NP is commonly an easy and flexible process, allowing the incorporation 
of a wide range of molecules [12]. It is possible to produce NP with different shapes 
including nanofibers [34] and spherical NPs [35], either nanocapsules or 
nanospheres. Typically, this type of particles is used for transport and/or delivery of 
molecules, since they are characterized by a high drug-loading capacity and can be 
easily functionalized to perform an active targeting. Considering the above, Wang 
et  al. [36] studied chitosan nanoparticles and electrospun fiber scaffolds as a 
sustained release system of Nel-like molecule-1(Nell-1) growth factor, protecting 
its bioactivity. Then, the effect and process of Nell-1 on inducing human bone MSC 
(hBMSC) differentiate toward chondrocytes were analyzed. The results showed that 
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scaffolds mimicked the oriented structure of native articular cartilage by regulating 
cell adhesion and distribution. In release and bioactivity protection study, the 
incorporation of Nell-1 into chitosan nanoparticles significantly prolonged the 
release time and increased the bioactivity of the released growth factor, as compared 
to the scaffolds with free Nell-1. Furthermore, in vitro chondrogenesis study proved 
that Nell-1 increases hBMSC chondrogenic differentiation and extracellular matrix 
production. This study showed the potential ability of Nell-1 integrated dual release 
scaffold for cartilage tissue engineering.

9.3  Conclusions

In this chapter, several alternatives that can be potentially used for the treatment 
osteochondral defects, rather than traditional treatments, are presented. Many 
techniques using nanoparticles have been developed for the treatment osteochondral 
tissues. The results of recent studies allow confirming that the use of nanoparticle 
systems is very promising, due to their physicochemical and biological properties 
for OCTE.

Undoubtedly, nanotechnology is a breakthrough in the TE field, and OCTE is not 
an exception. Being a very complex tissue, the application of NP can be justified by 
different aims, which is only possible because of the large variability concerning NP 
synthesis, nature, and properties.

As part of the OC tissue is composed by bone, this field of TE particularly ben-
efits of NP usage, as they can mimic the nanosized inorganic phase present in the 
bone. The reinforced scaffolds present not only better mechanical properties but 
also a commitment for the osteogenic lineage. Despite the encouraging results of 
most the studies herein discussed, it is still a great challenge to pass these 
nanosystems to clinical applications. Yet it is possible to state that advanced 
nanomaterials, in the future, will certainly play a crucial role on the design of 
strategies for treatment of osteochondral defects.
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Chapter 10   
Stem Cells for Osteochondral 
Regeneration             

Raphaël F. Canadas, Rogério P. Pirraco, J. Miguel Oliveira, Rui L. Reis, 
and Alexandra P. Marques

Abstract Stem cell research plays a central role in the future of medicine, which is 
mainly dependent on the advances on regenerative medicine (RM), specifically in 
the disciplines of tissue engineering (TE) and cellular therapeutics. All RM strate-
gies depend upon the harnessing, stimulation, or guidance of endogenous develop-
mental or repair processes in which cells have an important role. Among the most 
clinically challenging disorders, cartilage degeneration, which also affects subchon-
dral bone becoming an osteochondral (OC) defect, is one of the most demanding. 
Although primary cells have been clinically applied, stem cells are currently seen as 
the promising tool of RM-related research because of its availability, in vitro prolif-
eration ability, pluri- or multipotency, and immunosuppressive features. Being the 
OC unit, a transition from the bone to cartilage, mesenchymal stem cells (MSCs) 
are the main focus for OC regeneration. Promising alternatives, which can also be 
obtained from the patient or at banks and have great differentiation potential toward 
a wide range of specific cell types, have been reported. Still, ethical concerns and 
tumorigenic risk are currently under discussion and assessment. In this book chap-
ter, we revise the existing stem cell-based approaches for engineering bone and 
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cartilage, focusing on cell therapy and TE. Furthermore, 3D OC composites based 
on cell co-cultures are described. Finally, future directions and challenges still to be 
faced are critically discussed.

Keywords Skeletogenesis · Stem cells · Bone · Cartilage · Osteochondral 
constructs

10.1  Introduction

Osteochondral (OC) lesion is an injury or defect of the articular cartilage extended 
to the subchondral bone [1]. A disorder affecting the OC interface usually results in 
osteoarthritis (OA), which is not just associated to disability but also to other 
conditions, such as neuropathic pain, depression, and sleep disorders [2, 3]. Some 
assessments of disease burden suggest that OA is even an important cause of 
premature death [4, 5].

Alterations in the tissues and cells surrounding articular joint of osteoarthritic 
patients such as the synovium are nowadays considered a predictive factor of the 
disease progression [6]. The activity and phenotype of the cell population’s resident 
within the synovium are crucial to keep a healthy joint. However, might also 
accelerate the OA symptoms when unstable, indicating that synovial inflammation 
further than being a feature in early disease, might be the initiator of degenerative 
cascades that lead to tissue destruction [7]. On the other hand, the synovium is a 
natural origin of repair responses involving the endogenous progenitor cells present 
in the tissue [8]. Still, full-thickness articular cartilage damage does not resolve 
spontaneously.

Clinically applied operative techniques for OC repair are usually based on bone 
marrow (BM) stimulation for promotion of tissue restoration by recruitment of 
stromal cells. These treatments provide acceptable clinical results over midterm 
follow-up periods but often fail in the long term, resulting in fibrous tissue covering 
the lesion [9, 10], which then leads to scar tissue and biomechanical insufficiency 
[11, 12]. The most used techniques like abrasion arthroplasty, subchondral drilling, 
microfracture, autologous matrix-induced chondrogenesis [13], and mosaicplasty 
also frequently face drawback. Formation of fibrocartilage rather than hyaline 
cartilage [14, 15], limited donor site availability or morbidity, and poor integration 
[16, 17] are among the most common marks of unsuccessful regeneration.

Cartilage repair has evolved at a rapid pace from marrow stimulation techniques 
to articular chondrocyte transplantation (ACI). Taking this into consideration, the 
field started using techniques that apply specialized cells together with invading 
stems cells resulting from marrow stimulation. ACI and its later evolution, matrix- 
induced autologous chondrocyte implantation (MACI) [18, 19], offered great 
promise when compared to other approaches with 80% of patients showing 
improved results at 10 years [20]. However, despite the improvements, hyaline-like 
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cartilage repair keep experiencing complications not only as the failure of graft 
integration in the host tissue but also periosteal hypertrophy and delamination 
[21, 22]. In addition, it has also been reported that chondrocytes may lose their 
phenotype during expansion in vitro [23, 24]. Recent reports are now projecting the 
future focused on stem cell-based strategies for cartilage repair [25].

There is, therefore, a growing interest in exploring stem cells features to regener-
ate OC lesions either through the direct injection of the cells into the bloodstream or 
tissues or the combination of the cells with supporting scaffolds. Stem cell-based 
strategies are therefore seen as the possibility to improve the limitations experi-
enced with primary chondrocytes in ACI therapies. Unlike primary differentiated 
cells, stem cells have the ability to divide and specialize into specific cell types, 
depending on the differentiation potential and source. Pluripotent stem cells (PSCs) 
are often harvested from embryonic niches and can develop into any type of cell 
derived from the three germ layers whereas multipotent stem cells are generally 
isolated from adult tissues and have limited differentiation ability [25]. Mesenchymal 
stem cells (MSCs), not hampered by availability and donor site morbidity, are a 
form of multipotent cells that may offer an alternative to cartilage repair techniques 
[25]. In vitro generated chondral or OC grafts using stem cells are currently in a 
queue for FDA approval for clinical studies [26]. However, the use of stem cell 
therapies into the clinic is a form of translational research that still is associated with 
regulatory issues that are currently under discussion under different perspectives 
worldwide [27, 28].

Current investigation using MSCs from bone marrow (BM), adipose or embry-
onic tissues for cell therapies, and TE approaches on bone and cartilage regenera-
tion are overviewed in this book chapter. Specific issues that are slowing down the 
fast progress observed over the last 30 years are also analyzed. Since stem cells 
niche has been proved to be an important factor when considering regeneration of 
bone and cartilage disorders, the works applying stem cells from varied origins are 
described. Furthermore, 3D co-culture systems are revised as the basis to discuss 
the future of stem cell-based approaches for osteochondral regeneration.

10.2  Progenitor Cells, Stem Cell Sources, and Cell 
Recruitment on Endogenous Skeletogenesis

Skeletogenesis is the process encompassing the formation of several components of 
the skeleton such as bones, cartilage, and joints. These components are the result of 
the action of specialized cells such as chondrocytes and osteoblasts that give rise, 
respectively, to the cartilage and bone. During embryonic development, each of 
these cells is derived from skeletogenic mesenchymal progenitors of mesodermal or 
ectodermal origin, depending on the skeletal site [29]. These progenitors home at 
prospective skeletal formation sites and condense in structures that then give rise to 
the different skeletal components [30]. In the case of the bone, two processes are 
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possible for ossification of the skeleton: endochondral and intramembranous 
ossification [30]. The former consists on the production by chondrocytes of a 
cartilaginous template that is later mineralized and is the way through which most 
bone tissue is formed. In intramembranous ossification, through which flat bones 
are formed, the bone is directly produced by osteoblasts without an intermediate 
cartilage anlage.

The coordination of all these events is made through direct cell-cell communica-
tion and by the action of several key signaling molecules that regulate the cell 
recruitment and the associated patterning of the skeleton. Among the most signifi-
cant signaling molecules are fibroblast growth factors (FGF) [31], bone morphoge-
netic proteins (BMPs) [32], sonic hedgehog (SHH) [33], and notch [34] and Wnt 
[35] ligands. The coordinated action of these molecules will determine the location 
of skeletogenic mesenchymal cells and orchestrate the timing of condensation. At 
this stage, skeletogenic mesenchymal progenitor cells express both Sox9 [36] and 
Runx2 [37] transcription factors which are determinant for the differentiation into 
the chondrogenic and osteogenic lineages, respectively. The commitment to either 
one is achieved by the action of signaling pathways such as Wnt and Indian hedge-
hog (IHH) that mostly down- or upregulate Sox9 and Runx2 [30].

Critically, mesenchymal progenitors are present in adult vertebrates as what are 
known as MSCs. It is not clear if MSCs directly derive from the same skeletogenic 
mesenchymal progenitors responsible for tissue development during embryogenesis. 
MSCs are multipotent stem cells that can differentiate in specific lineages of tissues 
such as the bone, cartilage, fat, muscle, etc. and present no immunogenicity after 
transplantation [38]. These cells are present in almost all tissues of the human body 
[39], and therefore it is hypothesized that they have the ultimate involvement in 
tissue repair [40]. In the skeletal system, MSCs have a direct role in injury repair 
and tissue regeneration, where some of the embryonic events of skeletal formation 
are recapitulated. MSCs are recruited to the injury site and undergo differentiation 
by the action of signaling molecules such as BMPs, FGF, TGF-β, and SDF-1 [41]. 
Such signaling molecules can be released from the matrix or secreted by other cells 
present at the injury site. The low oxygen tension typically found at the injury site 
due to blood vessel disruption is also a major factor in MSC recruitment and 
differentiation [42]. Under such type of stimuli, MSCs not only home to the injury 
site but also engage in proliferation and differentiation, ultimately repairing or 
regenerating the injured tissue.

MSCs have been isolated and cultured in vitro and were found to possess clini-
cally relevant proliferation ability [43]. This is important since typically, fully dif-
ferentiated cells such as osteoblasts present decreased proliferation rates in vitro, 
which undermines their potential to be used in, e.g., a tissue engineering strategy. 
Furthermore, MSCs have been found to positively modulate the response of immune 
system cells, which besides being important on itself for injury resolution also 
suggests these cells might be tolerated in allogeneic approaches [44]. It is then clear 
that MSCs are a very attractive source of cells to induce postnatal skeletogenesis in 
TE strategies. Being present on multiple tissues means that several potential sources 
of MSCs for therapeutic strategies have been projected [45]. A suitable source of 
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MSCs should allow easy accessibility, minimally invasive harvesting, and yield 
usable numbers of cells. BM is the most explored source of MSC in a myriad to TE 
strategies [46]. However, the isolation of these cells encompasses a significant 
degree of morbidity to the patient, and therefore alternative sources, namely, 
perinatal tissues such as the umbilical cord [47], teeth [48], and adipose tissue [49], 
have been sought. The latter, in particular, has been the focus of increasing attention 
since fat can be obtained in relatively noninvasive procedures, and adipose-derived 
stem cells (ASCs) can be isolated from discarded fat residues from plastic surgeries. 
While these cells appear to have more tendency for adipogenic regeneration, several 
works demonstrate their feasibility for bone [50] and cartilage [51] TE. Recently, it 
has been hypothesized that the perivascular niche might also be a suitable source of 
cells for bone and cartilage TE [52]. In fact, some researchers even claim that MSCs 
and pericytes might be one and the same entity [53] although this is still quite 
controversial at the moment. Nevertheless, it is unquestionable that MSCs have 
been the prime choice for developing TE strategies for bone and cartilage tissues.

Other examples of stem cells that can be considered for postnatal skeletogenic 
strategies are embryonic stem cells (ESCs) [54]. These cells are pluripotent, i.e., 
they have a broader differentiation potential than MSCs and similar, if not better, 
proliferation ability. However, they bring attached several ethical constraints since 
they are derived from human embryos. Furthermore, they have a significant 
tumorigenic risk associated. Due to these concerns, great promise has been placed 
in induced pluripotent stem cells (iPSCs) as proposed by Yamanaka and others [55]. 
These cells can be obtained by introducing specific reprogramming factors into 
terminally differentiated somatic cells. This avoids the need of embryo destruction 
and yields pluripotent stem cells from a specific patient, allowing in principle the 
development of personalized therapies [56].

While all these cells have been used to obtain bone and cartilage cells for tissue 
engineering, the question as to which is the best cell source for postnatal 
skeletogenesis is still open.

10.3  Stem Cells for Engineering Bone

As stated above, BM-MSCs have been the top choice as a MSC source for bone 
TE. This is mainly due to their high potential for osteogenic differentiation, which 
is probably related with their tissue of origin [57]. These cells have been combined 
with 3D scaffolds to deliver a myriad of bone tissue engineering strategies that 
ultimately resulted in the formation of bone tissue after transplantation [46, 58–60]. 
However, these cells present several limitations. The isolation procedure is painful 
for the patient as it normally consists of an invasive procedure to aspirate the marrow 
in the iliac crest. Other methods exist where BM is accessed from patients undergoing 
hip or knee replacement [61]. These are however exceptions to the rule. Furthermore, 
the yield of stem cells obtained from BM is low, estimated at 0.001% of colony 
forming unit cells per nucleated cells [38]. This means that these cells need to be 
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heavily expanded to reach therapeutic numbers, which ultimately results in reduced 
differentiation capacity and therapeutic efficiency [62]. Finally, the potency of each 
population of BM-MSC greatly depends on the donor’s age and general condition, 
which further complicates their applicability [63]. The quantity of MSCs declines 
with age; approximately 1 MSC per 10,000 marrow cells are found in a newborn, 
whereas 1 MSC per 400,000 marrow cells is found in a 50-year-old adult [64, 65].

Adipose-derived stem cells (ASCs) are an increasingly used cell source for bone 
TE.  Through a relatively simple and painless procedure, adipose tissue can be 
harvested from a patient in generous amounts, and ASCs can be isolated from the 
stromal vascular fraction (SVF) by employing straightforward enzymatic protocols 
[66]. Importantly, the frequency of stem cells in adipose tissue is 100–1000 times 
bigger than for BM, which coupled with the relatively large volumes of adipose 
tissue that can be harvested, and makes this cell source even more appealing [67]. 
Furthermore, the potential of these cells to undergo osteogenic differentiation is 
robust although a higher tendency for adipogenic differentiation has been found 
[68]. The increasing number of bone TE strategies using these cells attempts to 
capitalize on these advantages [52, 69–71]. It is interesting to note that the SVF 
from which ASCs are isolated also contains angiogenic cell populations such as 
endothelial cells, endothelial progenitor cells, and pericytes [72]. These constitute a 
perfect cocktail of cells to create functional vasculature in bone TE constructs, 
therefore addressing one of the main current obstacles in TE [73, 74]. The possibility 
of using the whole fraction both for osteogenesis and angiogenesis is extremely 
exciting and will allow from one simple procedure to obtain patient-specific cell 
population for a complete bone TE strategy.

Other adult MSCs sources have been considered for bone TE. Dental pulp MSCs 
(DP-MSCs) are isolated from the pulp of definitive or deciduous teeth [75]. While 
accessibility and ease of isolation are strong points in favor of DP-MSCs, the fact is 
that only a small number of cells can be isolated from each tooth. The ensuing need 
of comprehensive cell expansion until therapeutic numbers are achieved is negative 
due to potential impact in cell potency. Nevertheless, these cells have been 
extensively tested and characterized [76]. Several works describe their similarity 
with BM-MSCs in term of cell markers and multilineage differentiation potential 
while having superior proliferative ability [75, 76]. Accordingly, these cells are 
being increasingly proposed for bone TE applications [77–80]. Cells from perinatal 
tissues such as the umbilical cord blood, umbilical cord, and amniotic membrane 
and fluid have been found to have all the hallmarks of MSCs while retaining some 
traits of embryonic cells such as robust proliferation ability and differentiation 
pluripotency [81–83]. Furthermore, such cells present low tumorigenic risk and 
appear to retain the immune privileged nature of MSCs [84]. The volume of bone 
TE research using perinatal cells trails behind that of other stem cells [85, 86] and 
the coming years will reveal if this is a cell source that will be embraced by tissue 
engineers, particularly in the case of bone tissue.

ESCs, as stated before, are pluripotent stem cells isolated from embryonic tis-
sues that can differentiate in cells from every germ layer. Osteogenic cells have been 
obtained from ESCs using well-developed protocols [54]. Therefore, many bone TE 
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strategies have been proposed using cells derived from ESCs [54, 87–90]. However, 
several constraints are associated with the use of these cells. Since they are isolated 
from the inner cell mass of blastocysts, they encompass the destruction of the latter 
which raises a series of ethical issues. Furthermore, these cells have a high 
tumorigenic potential in vivo which is obviously a very serious safety concern for 
clinical applications. This tumorigenic risk can be partially mitigated using a 
combination of culture and cell sorting techniques [91]. However, the ethical 
concerns are unavoidable. In order to overcome this issue, iPSCs were developed 
and famously proposed by Yamanaka and colleagues [55]. These cells are pluripotent 
stem cells vastly similar to ESCs, but they are derived from adult cells. The technique 
to achieve this derivation is based on the delivery of pluripotency-associated factors 
such as cMyc, Oct4, Sox2, and Klf4 to fully dedifferentiate cells in order to 
effectively reprogram those cells into pluripotent cells. This strategy avoids the 
ethical issues of ESCs while adding a very significant benefit: the ability to produce 
patient-specific pluripotent stem cells [56]. This is very important since it allows the 
combination of the advantages of adult stem cell sources such as BM-MSCs and 
ASCs, with the pluripotency of ESCs. While some concerns exist related with 
potential tumorigenicity of the original reprogramming factors used in iPSC 
protocols, other protocols have been put forward using less worrisome factors [92]. 
Therefore, numerous bone TE strategies using iPSCs have been proposed by first 
inducing differentiation to the mesenchymal and finally to the osteogenic lineages 
[93–96]. However, the safety of these cells is still a major issue, and more clinical 
research is needed to confirm these cells potential for bone TE.

10.4  Stem Cells for Engineering Cartilage

To date, only few studies directly compared MSCs and chondrocytes for cartilage 
repair. Interestingly, no significant differences were found on the histological scores 
[97, 98]. Moreover, the efficacy of MSCs in vitro pre-differentiated into chondrocytes 
or undifferentiated was equally superior in comparison to the untreated condition, 
but without significant differences among themselves [98]. Clinically, the intra- 
articular injection of MSCs favorably influenced the progression of lesions larger 
than 109 mm2 associated with subchondral cysts, in patients older than 50 years, 
thus hampering the development of an associated degenerative disease [1]. 
Therefore, many uncertainties are still to be clarified regarding the mode of action 
and the efficacy of MSCs to engineer cartilage tissue.

MSCs were proposed as a valid option for the treatment of cartilage defects 
because of their ability to differentiate into chondrocytes, among other cell lineages 
[99–101]. These cells are also immune privileged [102–104] and have the ability to 
modulate inflammatory cytokines including interferon gamma, tumor necrosis 
factor-α, and interleukin-1α and interleukin-1β [105]. While these features might be 
of major therapeutic interest when inflammatory conditions, such as OA, are 
associated to cartilage degeneration, it also reinforces the possibility of following 
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allogeneic approaches as demonstrated for BM-MSCs [106, 107] and ASCs [108] 
in different animal models. In fact, the need for cartilage repair is greatly associated 
to age; thus autologous approaches are significantly compromised by its retrograde 
effect on the cell’s intrinsic properties and regenerative capability [109].

While adipose tissue could be considered an alternative source, ASCs have less 
chondrogenic potential than BM-MSCs [110]. The infrapatellar fat pad also known 
as Hoffa’s body, an extra-synovial tissue placed in the knee under the patella [111] 
that is commonly harvested and discarded in arthroscopic surgeries [112], was 
shown to possess a higher percentage of stromal cells than subcutaneous fat [113, 
114]. In addition, the regenerative capacity of the cells obtained from Hoffa’s body 
in an OA model was demonstrated [115], thus reinforcing the positioning of this 
source for cartilage engineering.

As an alternative to the abovementioned sources of MSCs, peripheral blood 
[116], periosteum [117], and synovium [118] have been explored to engineer 
cartilage in particular. However, there are no reports showing clear evidences of 
superiority of one over the other.

Interestingly enough, the debate on the possibility of following an allogeneic 
approach comes up again when considering Wharton’s jelly-derived MSCs 
(WJ-MSCs). The umbilical cord, which is discarded at birth, provides an unlimited 
source of cells which are believed to be more primitive and proliferative and to have 
broader multipotency than adult MSCs [119, 120]. WJ-MSCs express markers of 
both MSCs and ESCs, but in opposition to ESCs, these cells do not induce teratoma 
formation [121]. In addition, the composition of Wharton’s jelly extracellular 
matrix, rich in aggrecan and type II collagen, is very similar to that of cartilage 
[122]. hWJ-MSCs also express growth factors, chemokines, and cytokines at levels 
similar to those of cartilage cells [123]. Altogether, these indications might be 
sufficiently supportive to consider Wharton’s jelly as an ethically noncontroversial 
source of MSCs to engineer and regenerate cartilage.

At a different stage of development but with promising expectations, a multipo-
tent subpopulation of muscle-derived stem cells (MDSCs) isolated from mouse 
skeletal muscle was genetically engineered to express BMP-4 as a way to enhance 
chondrogenesis [124]. MDSCs transduced with retroviral vectors CLBMP-4 and 
CLLacZ can potentially be used to locally secrete BMP-4 for cartilage repair.

As mentioned before, one of the great promises of iPSCs is the possibility to 
generate autologous cells from adult somatic fully differentiated cells that can be 
expanded and then differentiated into the cells of interest. iPSCs derived from 
human chondrocytes biopsied from osteoarthritic knees [125] and from fetal human 
neural stem cells [126] were successfully differentiated into the chondrogenic lin-
eage. Despite this, the lack of expression of pluripotency-associated markers is not 
fully achieved until sometime in culture [127] which raises some concerns regard-
ing the control of cell phenotype and cell fate. In alternative, some studies have been 
supporting the generation of intermediate MSC-like cells and the purification of 
chondrogenic progenitors, such as neural crest cells (NCCs) [128], to eliminate 
residual PSCs. NCCs, which have an ectoderm origin, are known to give rise to 
many craniofacial tissues including the bone and cartilage [129], but NCC- derived 
cells have been also detected in the BM of limb tubular bones [130].  MSC- like cells 
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derived from intermediate NCCs upon chondrogenic differentiation exhibited X 
collagen upregulation, features of hypertrophic chondrogenesis [131]. Still, further 
investigation on this cells potential for bone and cartilage regeneration is needed.

While the use of pluripotent stem cells is still hampered, alternative approaches 
that take advantage of stem cells intrinsic signaling moieties such as extracellular 
vesicles/exosomes are starting to be explored. As the efficacy of many MSC-based 
therapies has been attributed to paracrine secretion, exosomes have been posed as a 
“cell-free” strategy [132]. A weekly intra-articular injection in rat OC defects led to 
the formation of cartilage similar to hyaline cartilage and underlying subchondral 
bone resembling that of age-matched native control.

Despite an extensive preclinical research and promising clinical results, there are 
yet some drawbacks related to the harvesting and culture of stem cells to be addressed. 
Cell seeding number, serum conditions, or even the plastic surface of the expansion 
systems can affect cell phenotype. A forced selection happens during cell expansion, 
which can affect, for example, MSC properties by their technical preparation [149–
151]. Cell culture was not a concern for long time, being poorly controlled over most 
of the published studies. As a specific example, chondrogenic differentiation requires 
a 3D environment, but MSCs are commonly expanded on 2D plastic surfaces. 
Furthermore, as two-stage procedures involving cell culture are expensive and cum-
bersome, there is an increasing push toward a single stage stem cell treatment, which 
focuses again on autologous strategies. In this situation, there is some supportive 
preclinical data [133–136], but a direct comparison between fresh MSC concentrates 
and MSCs expanded in  vitro is not available [25]. The schematic represented in 
Fig. 10.1 summarizes the use of stem cell strategies for regenerative approaches.

Fig. 10.1 Stem cell-based strategies for bone and cartilage engineering. Cell isolation has been 
relying on several sources, from adult to embryonic tissues. After isolation, cells can be freshly 
used or in vitro expanded. During in vitro phase, stem cells can be directly used taking advantage 
of their stemless or differentiated. When applied, these cells can be directly injected at the defect 
site using carriers or not
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10.5  Engineering Osteochondral Composites Using  
Stem Cells

A persistent challenge in the field of RM has been the ability to engineer complex 
tissues comprised of multiple cell types and organizational features. This is the case 
of the OC unit in which a particular gradient interface integrates the cartilage and 
the bone parts in which chondrocytes and osteoblasts can be recognized as charac-
teristic cells, respectively. Furthermore, OC tissue also represents a gradient of 
ECM constituents through it. The control over spatial patterning of tissue develop-
ment represents in this way the main challenge for the advance toward engineering 
functional OC grafts. This control has been approached following different strate-
gies such as heterogeneous 3D structures providing physical cues for stem cell dif-
ferentiation [137], which are represented in Fig. 10.2. In addition to several materials 
engineering strategies, the spatial controlled delivery of differentiation factors as 
GFs [138] and gene vectors [139], and the use of parallel culture medium flow for 
osteo- and chondrogenic conditioning by custom-made dual-chamber bioreactors 
[140] or microfluidic devices [141], has been applied.

In any of the previous cases, to build a heterogeneous construct, cells either from 
different lineages or differently differentiated (ending up in two different phenotypes) 
are applied at the seeding moment. In coordination with the previous strategies, 
different cell types from primary osteoblasts co-cultured with primary chondrocytes 
[142], primary chondrocytes co-cultured with stem cells [143], or co-differentiation 
of stem cells toward osteo- and chondrogenesis [144] have been tested envisioning 
the enhancement of OC phenotype by the synergistic action of the different factors 
produced by each cell type. Envisioning these strategies, both pre-differentiation 
[145] and in situ differentiation [146] of the stem cells were tested. The full set of 
previous materials and cell combinations is summarized in Fig. 10.3.

The challenge of controlling osteogenic and chondrogenic differentiations in a 
single system has been addressed with the independent prematuration of the bone 

Fig. 10.2 Strategies based on materials engineering strategies to be coordinated with cellular 
strategies for OC TE. (A) Scaffold-free cartilage layer combined with bony scaffold, (B) two sepa-
rated constructs sutured together, usually involving individual osteo- and chondrogenic prematura-
tion, (C) two different integrated scaffolds merged together, (D) tri-layer structure composed of 
two different scaffolds for the bone and cartilage and an intermediate layer in the interface, (E) 
continuous scaffold for both bone and cartilage layers, which can be different in material proper-
ties or cell type
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and cartilage parts. A hydrogel phase made of chitosan and a cancellous bone part 
were seeded with hASCs for chondrogenesis and osteogenesis, respectively [147]. 
After 2  weeks of differentiation period, constructs were sutured together and 
cultured for further 2  weeks under static or dynamic conditions. The dynamic 
culture improved the resulting interface connection and enhanced homogeneous 
nutrient transfer. However, this technique keeps lacking integrity and a robust 
interface integration between cartilage and bone tissues.

In a functional OC unit, the interface needs to recapitulate the transition between 
the bone and cartilage without compromising a strong integration between the 
layers. A tri-layer structure has been proposed as a way to improve layer’s integrity 
and to have a better control over cell phenotype by avoiding cell migration from one 
region to the other due to the interface layer. Like the sutured approach, primary 
chondrocytes embedded in a RGD-modified peptide amphiphilic nanofibrous 
hydrogel, and MSCs seeded in a silk scaffold, were respectively and independently 
cultured in chondrogenic and osteogenic media. After 2 weeks the structures were 
combined with a soft silk scaffold as an interface layer and cultured under an OC 
cocktail medium without the addition of GFs [148]. The presence of chondrocytes 
in the co-cultures significantly increased the osteogenic differentiation potential of 
the MSCs. On the other hand, the effect of hMSCs on chondrogenic phenotype was 
less. A similar tri-layer approach was compared with the respective independent 
part. A layer of pure gelatin was assembled with layers composed of varied amounts 
of gelatin and hydroxyapatite. Gelatin was also used as a glue to stick all the layers 

Fig. 10.3 Strategies-based cellular approached coordinated with scaffolds for OC TE. (i) Cell-free 
approach for bone region combined with primary chondrocytes or stem cells for cartilage layer; (ii) 
primary chondrocytes co-cultured with primary osteoblasts; (iii) single stem cell population for 
co-differentiation; (iv) primary chondrocytes co-cultured with stem cells for the cartilage and 
bone, respectively; (v) stem cells co-cultured with primary osteoblasts for the cartilage and bone, 
respectively
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together. The multilayered strategy showed an increased expression of bone mark-
ers but not of the chondrogenic ones, in relation to the respective single constructs. 
Authors reported that each layer enhanced cell phenotype but difficulties associated 
to the simultaneous use of very different media must be also highlighted [149].

This issue has been addressed with the use of microfluidics and bioreactors with 
special interfaced designs. Based on a microfluidic approach, Goldman and 
Barabino [141] described a process for the formation of integrated cartilaginous and 
bony tissues by culturing a single cell source, bovine BM-MSC, within a single 
structure. Two independent microfluidic networks supplying inductive media 
independently for osteo- and chondrogenesis were designed to achieve 
co-differentiation as shown by the differential gene expression of chondrogenic and 
osteogenic markers through the 3D constructs. As an alternative, Kuiper et al. [140] 
used a custom-made bioreactor to perform a co-culture of primary osteoblasts, 
seeded in a tricalcium phosphate and poly-L-lactic acid composite, and chondrocytes 
encapsulated in Extracel® hydrogel. The cell-laden hydrogel was cast on top of the 
composite in a dual-chamber perfusion bioreactor system and compared to a static 
condition. The authors demonstrated that the dual-chamber bioreactor positively 
influenced the co-culture of chondrocytes and osteoblasts in the scaffolds in terms 
of gene expression and matrix deposition markers for the bone and cartilage.

In addition to the different biochemical requirements to achieve concomitant 
osteogenic and chondrogenic differentiation within an OC construct, the spatial 
control of cells distribution in between layers is also critical. This has been addressed 
by playing with the architectures of the supporting structures. An integrated scaffold 
made of one layer with monodispersed porosity of 38 um pore size and coated with 
hydroxyapatite particles, and of a second layer with 200 um pores coated with 
hyaluronan, was proposed to recreate, respectively, the bone and cartilage parts of 
an OC construct. After seeded with MSCs and chondrocytes differentiated from 
MSCs, respectively, constructs were cultured over 4 weeks in vitro in the absence of 
soluble GFs. Concurrent deposition of ECM typical to each cell type was promoted 
in standard-based medium [150]. A similar approach used pre-differentiated rat 
BM-MSCs into the chondrogenic and osteogenic lineages, respectively, to populate 
a sponge composed of a hyaluronan derivative and of calcium phosphate ceramic. 
Both layers were joined together with fibrin sealant to form an OC graft. After 
6 weeks of in vivo implantation, the heterogeneous structures were integrated in the 
host OC tissue. However, fibrocartilage but not hyaline cartilage was identified in 
the sponge. Although collagen type II was predominant in the neo-cartilage, collagen 
type I was found in both bone and cartilage regions [151]. In a different approach, 
the control over 3D OC differentiation has been targeted by a defined local displaying 
of GFs or genetic vectors. Brunger et  al. [152] hypothesized that by genetically 
modifying MSCs in a spatially restricted fashion would differentially determine cell 
fate and ECM deposition. To prove this, the authors tested whether two interfaced 
tissues and an OC composite could be derived from a single stem cell type [153]. 
The localized differentiation factors, such as BMP-2 or RUNX2 and TGFb-3, drove 
concomitant mineral and GAG production in a spatially defined fashion, showing 
the potential of this strategy to be further explored.
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Although there are several approaches to recreate the OC tissue in vitro promot-
ing the control over cell phenotypes under co-culture systems, the exact phenotype 
changes of subchondral bone during inflammation and OC repair are still poorly 
understood. In addition, inconsistent outcomes have been reported. Studies focus on 
GFs and stem cell source effectiveness in  vitro, and implantation of autologous 
chondrocytes and MSCs in  vivo, creating mismatching conclusions [16]. The 
current state of the art of 3D engineered grafts is characterized by tailoring stem 
cells phenotype, such as advanced scaffold strategies with multiple layers, which 
were eventually combined with GFs or bioreactor designs to provide chemical and 
physical stimuli. However, there is a gap on vascularized constructs, which will 
demand one extra level of complexity. A vascularized bone and non-vascularized 
cartilage are required. Specific pathways and incorporation of GFs have to be 
explored for connecting the graft to the host vasculature, and co-cultures of stem 
cells with endothelial cells have to be optimized under a whole and integrated bone 
and cartilage-like 3D construct.

10.6  Conclusion and Future Directions

Over the last years, great progress has been made to validate cell therapy and TE 
strategies for OC regeneration. Approaches that mimic physiological stimuli, 
support cell proliferation, and warrant adequate differentiation, thus avoiding 
hypertrophic cartilage maturation and osteogenic induction in cartilage region, are 
a demand. Knowing and taking into consideration the principles of skeletogenesis 
is believed to be fundamental. Although MSCs are known to be key players, 
alternatives to BM are required mainly because this is an age-dependent and limited 
cell source. For example, infrapatellar fat pad is an interesting source of stem cells 
to be applied on knee OC disorders, since Hoffa’s body has to be harvested for 
surgical arthroscopy in most of the cases. ASCs are much more available than 
BM-MSCs, but the coming years will reveal if iPSC and perinatal stem cells like 
WJ-MSCs can be used to replace adult multipotent stem cells, overcoming the 
current ethical and tumorigenic issues and becoming the cell sources under the 
focus of the tissue engineers for OC repair. Having this in mind, the ideal stem cell 
source might be dependent on the target tissue and the right strategy dependent, for 
example, on donor’s age. However, further investigations relating to optimal cell 
strategy, such as autologous versus allogeneic, freshly isolated versus expanded, 
stem cells versus differentiated cells, as well as the use of pluripotent stem cells in 
a consistent way and long-term efficacy, are the main challenges still remaining.

Beyond the stem cell source, another issue that is a matter of controversy is the 
dose of cells that should be used. Huge ranges of cell densities have been applied in 
the different phases of investigation. In in  vitro studies aiming for cell therapy, 
numbers vary from few thousands to several millions of cells per milliliter. 
Preclinical animal studies have been applying from a thousand to a billion of cells 
per milliliter, depending on the animal model, while in clinical trials, the reported 
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densities range from 1.2 to 24 million cells/mL, which is, in fact, a more concise 
range but still too broad. Although some studies state that higher cell number leads 
to a better repair [25], the most appropriate cell dose remains unclear as the huge 
reported range of cell densities evidences. In fact, cell saturation is also linked to 
limited cell survival [154]. Thus, there is certainly a maximum cell number to aid 
repair [155]. This uncertainty has inevitably direct implications in the costs of each 
process, but even bigger consequences on the costs associated to false-positive 
results at the level of clinical trials [156].

Moreover, in vitro models have been changing from 2D to 3D, increasing the 
number of varying parameters affecting stem cell differentiation and asking for 
further optimization on cell densities. Studies focusing on the analysis of the cell 
phenotype after in vitro expansion, the cell density for cell therapy or for engineering 
a graft, the long-term viability of a graft after implantation, and the maintenance of 
a stable cartilaginous phenotype are required. The frequently varying outcomes of 
cartilage repair from cell implantation approaches are likely the consequence of 
different cell sources and differentiation strategies, GF liberation patterns, scaffold 
properties, model-specific defect environments, and, when applied, the animal 
model itself.

Regarding the strategies applied for OC unit development, the most promising 
strategies seem to rely on gradient structures supporting one stem cell type 
population under two different culture media for its maturation. This has been 
requiring the design and use of specific bioreactors. Some efforts have been made to 
create grafts using these, while in vitro models could be developed using microfluidic 
approaches. In any case, this concept was just born 5  years ago, and several 
improvements are required. Independently of the generation of OC TE constructs, 
either by the individual or concurrent development of the bone and cartilage 
counterparts, the vascularization of the engineered bone is under developed. 
Co-cultures can be introduced for bone vascularization processes, and SVF fraction 
is one of the most promising cell cocktail sources that should be further explored. In 
addition to the development of a vascularized subchondral bone, the mimicking of 
OA inflammatory state is still to be achieved.

In conclusion, the current methods for engineering physiologically relevant 
bone, cartilage, and OC composites from stem cells ask for a better understanding 
of the complex in vivo healing environment, its maturation, and homeostasis. For 
the future, patient-specific approaches have to be the focus, and big data can foster 
optimal variant selections for this goal. So, the availability of compound libraries 
and high-throughput screening technologies will play a key role in the selection 
process of the most appropriate approach in view of a stable clinical outcome.
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Chapter 11 
PRP Therapy              

Ibrahim Fatih Cengiz, J. Miguel Oliveira, and Rui L. Reis

Abstract Osteochondral lesions remain as a clinical challenge despite the advances 
in orthopedic regenerative strategies. Biologics, in particular, platelet-rich plasma, 
has been applied for the reparative and regenerative effect in many tissues, and 
osteochondral tissue is not an exception. Platelet-rich plasma is an autologous con-
centrate prepared from the collected blood; thus, this safe application is free of 
immune response or risk of transmission of disease. It has a high potential to pro-
mote regeneration, thanks to its content, and can be applied alone or can reinforce a 
tissue engineering strategy. The relevant works making use of platelet-rich plasma 
in osteochondral lesions are overviewed herein. The practical success of platelet- 
rich plasma is uncertain since there are many factors involved including but not 
limited to its preparation and administration method. Nevertheless, today, the issues 
and challenges of platelet-rich plasma have been well acknowledged by researchers 
and clinicians. Thus, it is believed that a consensus will be built it, and then with 
high-quality randomized controlled trials and standardized protocols, the efficacy of 
platelet-rich plasma therapy can be better evaluated.
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Highlights

• The need of treating the osteochondral lesions has not been yet met in the clinics.
• Thanks to being an autologous source of growth factors, interleukins, and other 

cytokines and relative ease of clinical application, i.e., during a single-step 
surgical procedure, the use of platelet-rich plasma is of great interest.

• The high theoretical potential of the role of platelet-rich plasma in the regenera-
tion process of osteochondral lesions is known, and the efficiency needs to be 
confirmed by high-quality randomized controlled trials for a robust position in 
the treatments of osteochondral lesions in the clinics.

Keywords Platelet-rich plasma · Osteochondral  · Regeneration · Tissue 
engineering

11.1  Platelet-Rich Plasma (PRP): What, Why, and How?

Platelet-rich plasma (PRP) is one of the important biologics and widely employed in 
the field of orthopedics. PRP (also named as platelet gel, platelet-enriched plasma, 
and platelet-rich concentrate [1]) is an autologous blood-derived concentrate of plate-
lets that are a source of growth factors, interleukins, and other cytokines [2, 3]. 
Platelets are small (with a diameter of 2–3 μm) cytoplasmic fragments of megakaryo-
cytes, which can be found in the peripheral blood. Many bioactive proteins are found 
in the α-granules of the platelets that function in tissue healing and hemostasis upon 
secretion [4]. Qureshi et al. [5] identified a total of 1507 unique proteins in platelets 
upon analysis of 10 independent human samples. The platelet concentration in PRP 
is typically around 106 platelets per μL while the baseline that is around 2 × 105 plate-
lets per μL [6–8]. Thus, PRP is a pool of biologically active autologous components 
which can be contributors to tissue healing and regeneration [6, 9]. PRP has been of 
keen interest in orthopedics thanks to their potential regenerative effect [10–13].

PRP is prepared from anticoagulated blood [14], typically by the centrifuge of the 
collected peripheral blood of the patient, and activated by clotting [15] (Fig.  11.1). 
Activation can be done by several means including calcium chloride, thrombin, and 
soluble collagen type I [4, 15]. Being autologous makes it possible to be free of immune 
response and risk of transmission of disease or cannot lead to a mutation since the growth 
factors of PRP do not go into the cell or into cell nucleus, but just bind to the external 
surface of the cell membrane [8]. Moreover, they involve a relative ease of clinical 
administration, i.e., during a single-step surgical procedure in the operating room, and 
regulatory convenience owing to being considered as a “minimally manipulated tissue.” 
Nevertheless, as concluded in almost all PRP review paper, recently, the inconsistencies 
in the clinical studies were highlighted in the systematic review of Chahla et al. [16].

Growth factors are polypeptides that affect the function of cells (Table 11.1) such 
as proliferation, matrix synthesis, adhesion, or differentiation. Other bioactive 
components of the platelets such as cytokines, chemokines, and metabolites 
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contribute to the function of growth factors [17]. The growth factors within PRP 
include platelet-derived growth factor (PDGF), transforming growth factor (TGF- 
β), platelet-derived epidermal growth factor (PDEGF), vascular endothelial growth 
factor (VEGF), insulin-like growth factor 1 (IGF-1), fibroblastic growth factor 
(FGF), and epidermal growth factor (EGF) [4, 18]. While almost all growth factors 
are secreted in the first hour post-clotting, most of them are secreted within the first 
10  minutes post-clotting; and more growth factors can be synthesized by the 
platelets for around 7 days [7, 8]. Thus, it is critical to optimize the mean and timing 
of the activation for a better therapeutic outcome. Besides, it is critically important 
to consider that α-granule secreted proteins can have opposite roles such as in 

Fig. 11.1 A conventional manual way of PRP preparation through a two-step centrifugation based 
on density separation. Step 1: The blood is collected from the patient and, in the presence of an 
anticoagulant, centrifuged for a short time with a low force (soft spin). As a result of the soft spin, 
three layers are obtained from bottom to top: (i) red blood cells (RBCs) layer, (ii) the “buffy coat” 
(BC) layer, and (iii) the platelet-poor plasma (PPP) layer. The BC layer has typically whitish color 
and contains the major proportion of the platelets and leukocytes. Step 2A: To obtain pure PRP 
(P-PRP), PPP and the superficial BC are transferred to another tube for the second centrifuge at 
high-force (hard spin) centrifugation. After the step 2A, most of the PPP layer is discarded, and 
most of the leukocytes are not collected. The final P-PRP concentrate consists of an undetermined 
fraction of BC with a large number of platelets suspended in some fibrin-rich plasma. Step 2B: For 
the production of leukocyte-rich PRP (L-PRP), PPP, the entire BC layer, and some residual RBCs 
are transferred to another tube. After a hard spin centrifugation, the PPP is discarded. The final 
L-PRP contains the entire BC that has most of the platelets, leukocytes, and the residual RBCs 
suspended in some fibrin-rich plasma. Thus, the final version depends on the how the BC is 
collected. Since this is a manual method, using a robust commercial system would critically 
reproducibility from [20]
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coagulation, angiogenesis, and proteolysis (Fig. 11.2). Thus, the balance between 
catabolism and anabolism is of great importance [10].

Many ready-to-use products are commercially available to prepare PRP based on 
different techniques and providing different outcomes [1, 13, 19–21], including 
ACP-DS (Arthrex, Naples, Florida), FIBRINET (Cascade; Musculoskeletal 
Foundation, New Jersey), GPS III (Biomet, Warsaw, Indiana), Magellan (Medtronic, 
Minneapolis, Minnesota), SmartPReP2 (Harvest Technologies, Plymouth, 
Massachusetts), GenesisCS/Exactech (Gainesville, Florida), Symphony II (DePuy, 
Warsaw, Indiana), EmCyte (Fort Myers, Florida), and Haemonetics Cell Saver 5 
(Haemonetics, Leeds, UK) [13]. Their platelet recovery varies between 31% and 
78%, and the obtained PRP’s concentration may go up to 6x of the baseline 
concentration [4]. Moreover, given that PRP is an autologous concentrate, its 
features are donor-dependent such as the growth factor concentrations [22].

11.2  PRP Studies and Applications

Despite the advances in orthopedic regenerative strategies, osteochondral lesions 
remain as a clinical challenge [23, 24]. Thanks to aforementioned features of PRP, 
there is a firm rationale to expect a benefit for the treatment of osteochondral lesions. 
However, the literature on the effect of PRP is contradictory, while some study 
designs do not allow to deduct specific effect of PRP due to lack of a control group. 
In an in  vitro study [25], chondrogenic and osteogenic differentiation of human 
adipose-derived stem cells were found to be superior in the presence of PRP and 
insulin. Marmotti et  al. [26] studied a one-step osteochondral repair in a rabbit 

Table 11.1 Possible effects of growth factors [4]

Growth factor Effect

Platelet-derived growth 
factor

Angiogenesis, macrophage activation
Fibroblasts: Proliferation, chemotaxis, collagen synthesis
Enhances the proliferation of bone cells

Transforming growth 
factor-β

Proliferation of fibroblasts
Collagen type I and fibronectin synthesis
Induction of bone matrix deposition, inhibition of bone resorption

Platelet-derived epidermal
Growth factor

Stimulation of epidermal regeneration
Promotion of wound healing by the proliferation of keratinocytes 
and dermal fibroblasts stimulation
Enhances the production and effects of other growth factors

Vascular endothelial 
growth factor

Vascularization by stimulating vascular endothelial cells

Insulin-like growth factor 
1

Chemotactic for fibroblasts and stimulates protein synthesis
Enhances bone formation

Platelet factor 4 Stimulation of the initial influx of neutrophils into wounds
Chemoattractant for fibroblasts

Epidermal growth factor Cellular proliferation and differentiation
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model. As depicted in Fig. 11.3a, rabbit knee cartilage fragments with or without 
human fibrin glue (FG) combined with hyaluronic acid (HA)-based membranes and 
PRP. At 6 months, the use of cartilage fragments provided superior results, while 
human fibrin glue provided inferior results [26]. Since all treated groups received 
PRP, additional effect of PRP could not be detected. Lee et  al. [27] treated 
osteochondral lesions of rabbits with an injectable PRP gel (Fig. 11.3b, c) with and 
without encapsulated mesenchymal stem cells. At 24  weeks, the treatment with 
PRP + cells provided a superior outcome: the lesion was resurfaced with cartilage, 
subchondral bone was restored, and higher glycosaminoglycan content, safranin-O 
staining, and collagen type II immunostaining were obtained [27].

In another rabbit study, the effect of PRP on osteochondral lesion healing was 
studied [28]. PRP intra-articular injection was performed in one knee of each rabbit, 

Fig. 11.2 PRP can modulate the synthesis and degradation processes. The balance between catab-
olism and anabolism is of great importance for joint function and homeostasis. Trophic factors can 
positively influence cell metabolism and activate anabolic pathways. Processes of angiogenesis, 
mesenchymal stem cell migration, self-renewal, and differentiation depend on the PRP content. 
However, trophic and pro-angiogenic factors can promote osteophyte formation. The effects of 
cytokines depend on the timing, dose, and context. Abbreviations in alphabetical order: ANG-1, 
angiopoietin-1; CTGF, connective tissue growth factor; CXCR4, CXC chemokine receptor 4; 
HGF, hepatocyte growth factor; IGF, insulin-like growth factor; MMPs, metalloproteinases; 
PDGF, platelet-derived growth factor; PF4, platelet factor 4; SDF-1, stromal cell-derived factor; 
TGF-β, transforming growth factor β; TIMP, tissue inhibitor of metalloproteinases; TSP1, throm-
bospondin 1; VEGF, vascular endothelial growth factor. (Adapted with permission [10])
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while saline as a placebo was injected into the other knee. No significant difference 
was found in International Cartilage Repair Society (ICRS) macroscopic scores 
between the groups. However, subjective macroscopic evaluation indicated PRP 
treatment provided a greater tissue infill with fewer fissures and a more similar to 
native tissue appearance in PRP-treated knees. The PRP group has higher ICRS 
histological scores than the placebo group with more glycosaminoglycan and type 
II collagen in the repair tissue [28]. PRP can be combined with conventional 
treatments as an adjunct therapy. For instance, the use of PRP with mosaicplasty 
provided a better healing response and integration of the adjacent surfaces and 
superior histological scores 3  weeks as compared to mosaicplasty without PRP 
treatment in the rabbit osteochondral lesions [29]. A similar rationale was also tried 
in human [30–32]. Guney et al. [31] reported that PRP could enhance the functional 
score of arthroscopic microfracture treatment for osteochondral lesions of the talus 
at a mean of 16.3 months of follow-up. Guney et al. [32] compared mosaicplasty 
and arthroscopic microfracture with and without PRP and reported that PRP 
provided no benefit at a median follow-up time of 44 months, and mosaicplasty was 
superior to microfracture in pain relief, while all groups had a similar American 
Orthopedic Foot and Ankle Society score [32]. In the randomized clinical trial by 
Gormeli et al. [30], the influence of intra-articular injections of hyaluronic acid and 

Fig 11.3 A strategy for leporine osteochondral tissue regeneration using rabbit knee cartilage 
fragments with or without fibrin glue (FG), hyaluronic acid (HA)-based membranes, and PRP (A). 
(Adapted with permission [26]). Gross appearance of PRP gel (B) and its cryosection’s hematoxy-
lin and eosin staining (C) (original magnification × 100). (Adapted with permission [27])
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PRP was compared as an adjunct therapy to arthroscopic debridement and 
microfracture treatment for talar osteochondral lesions at a mean follow-up time of 
15.3-month post-surgery. It was reported that both of hyaluronic acid and PRP 
injections augmented the outcomes, while the American Orthopedic Foot and Ankle 
Society score was highest in the PRP group; thus, PRP was recommended as an 
adjunct therapy [30].

Seo et al. [33] studied bilayer gelatin/β-tricalcium phosphate scaffolds that were 
seeded with one layer of mesenchymal stem cells and bone morphogenetic protein-2 
(for the subchondral bone layer) and another layer with chondrocytes and PRP (for 
the cartilage layer) for the treatment of osteochondral lesions in horses, and bilayer 
scaffolds provided superior results than control. In a later study of Seo et al. [34], 
they investigated whether the use of a synovial flap cover would improve the results 
of the regeneration of osteochondral lesions in horses (Fig. 11.4). It was shown that 
the lesions treated with gelatin/β-tricalcium phosphate scaffolds with PRP, 
mesenchymal stem cells, and bone morphogenetic protein-2 with a synovial flap 
cover were superior to the control group that lacks the synovial flap cover [34]. 
However, since in that study, both the test and control group received PRP, the PRP- 
specific effects were not detectable due to the study design.

Fig. 11.4 Macroscopic and histological images of the equine osteochondral lesions at 4 months 
post-surgery. The surface of the lesions of the test group (gelatin/β-tricalcium phosphate scaffolds 
with PRP, mesenchymal stem cells, and bone morphogenetic protein-2 with a synovial flap cover) 
(A) was smoother than those in the test group (gelatin/β-tricalcium phosphate scaffolds with PRP, 
mesenchymal stem cells, and bone morphogenetic protein-2 without a synovial flap cover) (D). 
Histology confirmed no remaining implant material and no inflammatory reactions in or near the 
lesions. The upper part of the lesion in the test group that showed more positive for safranin-O 
staining was more positive in the test group (B) than that in the control group (E). The test group 
(C) had more collagen type II immunostained than the control group (F). The scale bars indicate 
5 mm. (From [34])
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Application of PRP was also performed with autologous osteochondral trans-
plantation in a rabbit model [35]. Groups with and without PRP were similarly 
based on the macroscopic evaluation, while the PRP group has higher International 
Cartilage Repair Society score and better graft integration [35] (Fig. 11.5). Scaffolds 
(Trufit BGS, Smith and Nephew, USA) with bone marrow aspiration concentrate or 

Fig. 11.5 Hematoxylin and eosin staining (A, B), alcian blue staining (C, D), and immunohisto-
chemistry images for collagen type II (E, F) of the osteochondral grafts with PRP (left column) 
and without PRP (right column) at 12 weeks post-surgery (the ones with superior results are pre-
sented). Magnification is × 200 in the top row of (A) and (B) and × 20 in the rest of the images. 
(Adapted from [35] that is accessible of http://journals.lww.com/jbjsjournal/subjects/Knee/
Abstract/2013/12180/The_Effect_of_Platelet_Rich_Plasma_on_Autologous.4.aspx)
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PRP had superior outcome than the scaffolds alone when used for an osteochondral 
repair in a mini-pig model at 26 weeks post-surgery, while the use of both biologics 
together did not further improve the outcome [36]. Addition of PRP to a polylactic- 
glycolic acid scaffold improved the osteochondral healing in a rabbit model and has 
promising results indicating a resurfaced lesion and restored subchondral bone [37]. 
Interestingly, Kon et al. [38] reported that the use of PRP decreased the osteochondral 
regeneration of collagen-hydroxyapatite scaffolds used for osteochondral lesions in 
sheep at 6 months post-surgery. Scaffolds without PRP led to significantly better 
bone regeneration and cartilage surface reconstruction compared to than the ones 
with PRP [38]. In the similar direction, van Bergen et al. [39] reported that inclusion 
of PRP to allogeneic demineralized bone matrix did not enhance the healing of 
osteochondral lesions of talus in goats at 24 weeks post-surgery assessed by micro- 
computed tomography, histology, histomorphometry, fluorescence microscopy, and 
macroscopic evaluation [39]. Xie et  al. [40] treated the osteochondral lesions in 
rabbits with PRP scaffolds seeded with mesenchymal stem cells from either bone 
marrow or adipose tissue. PRP scaffolds were suitable for osteochondral 
regeneration. Bone marrow-derived stem cells in PRP scaffolds had superior 
subchondral bone healing, cartilage-specific protein and gene expressions, and 
histological and immunohistochemical outcomes and better gross appearance 
compared to PRP scaffold seeded with adipose-derived cells [40].

In the study of Krych et al. [41], a total of 46 patients were treated with one of 
three different strategies, polylactide-co-glycolide osteochondral scaffold alone (11 
patients) and with either PRP (23 patients) or with bone marrow aspirate concentrate 
(12 patients), and were evaluated with magnetic resonance imaging at 12 months 
post-surgery. Augmentation with PRP or bone marrow aspirate concentrate 
improved the tissue fill better than the scaffold alone. While the scaffold with PRP 
group had T2 relaxation time value similar to the scaffold-alone group, the scaffold 
with bone marrow aspirate concentrate group has higher value that is close to that 
of the top layer of the native cartilage [41]. Gu et al. [42] implanted autograft with 
PRP to the Hepple stage V osteochondral lesions of the talus of 14 patients, and a 
significant functional improvement and pain relief were achieved at a mean 
follow-up time of 18  months post-surgery. However, since there was no control 
group and all patients received an autograft with PRP treatment, it is impossible to 
deduct any PRP-specific effects. In the randomized controlled trial by Mei-Dan 
et al. [43], osteochondral lesions of the talus in human were treated with PRP or 
hyaluronic acid intra-articular injections by which a decrease in pain scores and an 
increase in function for minimum of 6 months were achieved by both approaches. 
However, PRP therapy functioned significantly better than hyaluronic acid therapy 
under the design of this study.

The outcome of PRP therapies are context-dependent [10] and thus contra-
dictory [12, 44]. A meta-analysis of randomized trials and prospective cohort 
studies by Sheth et al. [45] indicated the absence of standardization of proto-
cols, and there is no certain evidence of clinical benefit of PRP in orthopedics; 
similarly there is no evidence-based medicine data that favors the use of PRP in 
arthroscopic surgery [46].
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11.3  Final Remarks

The autologous nature of PRP is a critical factor that the outcome of the PRP ther-
apy becomes patient-dependent, since (i) the applied PRPs are not the same PRP 
and (ii) the recipients are not same; thus there is always a variation, and the statisti-
cal error can be minimized by highly increasing the number of patients that are 
being taken into account. This is an indication of a need for statistically powered 
studies. ”It is also substantial here to discuss that in some amount of the original 
papers on PRP, the transition from the “results” to the “conclusion” is not robust or 
evidenced- based but rather sentimental, having a tendency to favor the use of PRP 
due to the rationale of PRP usage; therefore, in the conclusion part of the papers, it 
is taken somewhat as a tradition to say “PRP could be beneficial for…” (which is 
sometimes not very correct based on the presented results).

PRP science is beyond a simple procedure for the blood collection, the use of 
ready-to-use products, and the application; but also the basic science is crucial. For 
instance, the half-life of released bioactive proteins and the life span of platelets is 
to be considered when defining the time points of the studies (i.e., shall we still 
expect a clinical benefit in the patients months after the therapy?). Moreover, the 
secretion of bioactive proteins is critical. The proteins in the α-granules of platelets 
are in fact not complete unless they are soluble, and at the time of the secretion, the 
proteins get completed by the inclusion of specific side chains. This means that 
proteins cannot be secreted if platelets are damaged (e.g., when the PRP was 
prepared), so the PRP therapy may not be beneficial at the end.

The evaluation of the PRP therapy alone or adjunct requires well-organized test 
and control groups, which lacks some studies due to some reasons. Nevertheless, 
today, the issues and challenges of platelet-rich plasma have been well acknowledged 
by researchers and clinicians and expressed in many review papers by the experts. 
Thus, we believe that a consensus will be built around it, and then with high-quality 
randomized controlled trials, the efficacy of platelet-rich plasma therapy can be 
better evaluated. Addressing the outstanding issues (e.g., PRP preparation method, 
platelet and growth factor concentration evaluation, and delivery/administration 
strategy) would minimize the uncertainty that is detectable by the systematic 
reviews and meta-analyses, and we can be able to deliver a robust PRP therapy to 
patients, perhaps in a patient-specific manner by analyzing the blood of the patient 
and optimizing the therapy timing, dose, interval, administration, and the role in the 
regenerative tissue engineering strategy, i.e., injections or as gel in an open surgery 
or introduced within a biomaterial such as scaffolds or grafts.
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Chapter 12   
Enhancing Biological and Biomechanical 
Fixation of Osteochondral Scaffold: 
A Grand Challenge              

Maryam Tamaddon and Chaozong Liu

Abstract Osteoarthritis (OA) is a degenerative joint disease, typified by degradation 
of cartilage and changes in the subchondral bone, resulting in pain, stiffness and 
reduced mobility. Current surgical treatments often fail to regenerate hyaline carti-
lage and result in the formation of fibrocartilage. Tissue engineering approaches 
have emerged for the repair of cartilage defects and damages to the subchondral 
bones in the early stage of OA and have shown potential in restoring the joint’s 
function. In this approach, the use of three-dimensional scaffolds (with or without 
cells) provides support for tissue growth. Commercially available osteochondral 
(OC) scaffolds have been studied in OA patients for repair and regeneration of OC 
defects. However, some controversial results are often reported from both clinical 
trials and animal studies. The objective of this chapter is to report the scaffolds clini-
cal requirements and performance of the currently available OC scaffolds that have 
been investigated both in animal studies and in clinical trials. The findings have 
demonstrated the importance of biological and biomechanical fixation of the OC 
scaffolds in achieving good cartilage fill and improved hyaline cartilage formation. 
It is concluded that improving cartilage fill, enhancing its integration with host 
tissues and achieving a strong and stable subchondral bone support for overlying 
cartilage are still grand challenges for the early treatment of OA.
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Tissue engineering
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12.1  Introduction

In joints, the articular cartilage, calcified cartilage and subchondral bone form a 
biocomposite system, referred to as the osteochondral (OC) unit, which has the 
unique capability of transferring loads during joint motion [1]. Repetitive 
overloading to this unit could result in cartilage damage and changes in the 
subchondral bone, leading to mechanical instability of the joints and loss of joint 
function [2, 3]. If left untreated, the OC defects will lead to the development of 
osteoarthritis (OA) [3], where the composition and structure of this unit undergo 
significant alterations [1]. During the process of OA, thinning and degradation of 
articular cartilage, joint-space narrowing, osteophytes formation and subchondral 
bone remodelling [4–6] take place. Cartilage destruction results from an unbalanced 
relationship between matrix synthesis by chondrocytes and matrix degradation [6]. 
Other pathological processes including microfractures, microedema or 
microbleeding within the subchondral bone could lead to subchondral bone defects 
such as subchondral cyst formation [5]. If the OC defect has progressed to the stage 
where the patient’s quality of life has significantly reduced and non-surgical 
treatments are no longer effective, then a joint replacement has to be performed. 
This major surgical procedure often does not restore the full function of joints and 
have high long-term complication rates.

Between 2003 and 2013, there were 1.296 m joint replacements performed in 
England and Wales including 620,400 hip procedures and 676,082 knee procedures 
predominantly for OA (over 93%) [7]. OA is a major contributor to functional 
impairment and reduced independence in older adults [8] and represents an 
enormous socioeconomic challenge [9]. Regeneration of the tissues affected by OA 
in early, mid or late stages of the disease can enhance the quality of life and delay or 
avoid the need for total joint replacement, thereby reducing the costs.

12.1.1  Progression of OA and Available Treatments

In early stages of OA, there is an increase in water content of cartilage, resulting in 
swelling of the matrix and an increase in metabolic activity of chondrocytes 
(Fig. 12.1). These changes are accompanied by the appearance of surface fibrillations 
characterised by microscopic cracks in the superficial zone of the articular cartilage. 
In the subchondral bone, increased remodelling of the cortical bone plate usually 
leads to increased porosity [1]. In this stage, pain and stiffness dominate the other 
symptoms, and the goal of the treatments is therefore to reduce pain and physical 
disability and some attempt to control structural deterioration in the affected joints 
[4, 10], using physical therapy [11], analgesics and NSAIDs [9]. Intra-articular 
injection of long-acting glucocorticoids is an effective treatment of inflammatory 
flares of OA. Hyaluronic acid has varying effectiveness when used for intra-articular 
injections for the treatment of OA of the knee [10]. With the progression of OA, loss 
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of cartilage matrix proteoglycans and erosion of the collagen network lead to the 
development of deep fissures and partial delamination of the cartilage, while in the 
subchondral bone, cortical plate thickness gradually increases [1] (Fig. 12.1). At 
this stage of the disease, where the cartilage defect is still small (area <2–3 cm2), 
microfracture (MF) marrow stimulation is considered a medically necessary 
treatment. MF is a minimally invasive procedure which seeks to repair cartilage 
damage through releasing mesenchymal stem cells (MSCs) from the underlying 
bone which then differentiate to become chondrocytes and create new cartilage. It 
involves removing the damaged cartilage and then drilling into or otherwise 
puncturing the surface of the underlying bone in order to allow blood and bone 
marrow to come through to the bone/cartilage interface, where the MSCs contribute 
to the formation and repair of the cartilage and bone. However, the regenerated 
cartilage is mainly fibrocartilage and is not expected to have the same durability as 
the articular hyaline cartilage. This type of cartilage is mostly type I collagen, 
fibrocytes and a disorganised matrix that lacks the biomechanical and viscoelastic 
characteristics of normal hyaline cartilage [12] and can fail with high shear forces 
in the joint, leading to an ongoing articular surface irregularity and subsequent 
secondary arthritic change [13]. This was demonstrated by the high 5-year post- 
microfracture reoperation rates, which are between 30% and 50% [14].

Osteochondral (OC) autografts or allografts [14], scaffolds and focal knee resur-
facing implants are among the approaches that have been explored for treatment of 
small- to mid-sized lesions [15]. OC autografts have been proposed to provide an 
immediate reliable tissue transfer of a viable OC unit in a single-stage procedure. 

Fig. 12.1 Progression of OA: conditions and treatments in each stage. Pictures of osteochondral 
units. (Adapted from Ref. [1])
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This procedure exploits the regenerative potential of bone and bone-to-bone healing, 
since the cartilage has a limited healing capacity [14]. For example, Hangody et al. 
[16] analysed the results of mosaicplasty (where multiple autografts are used) in 82 
athletes with signs of OA.  They reported significant improvements after the 
procedure, although slight radiographic degeneration in one-third of the patients at 
mid- to long-term follow-up was observed [14, 16].

Fresh OC allografts provide the surgeon with more freedom regarding the size of 
the defect that can be treated. Common indications for OC allograft include large, 
focal chondral defect, osteochondritis dissecans and unicompartmental arthritis 
[17]. However, apart from general complications of open joint surgery, OC allograft 
transplantation is also associated with a risk of disease transmission from the 
allograft and subchondral collapse due to inadequate integration. The latter is 
responsible for a majority of graft-related failures [14].

Tissue engineering (TE) approaches have been developed as a potential solution 
for repair and regeneration of OC defects. In this approach, scaffolds are designed 
and fabricated to provide a physical environment to support cellular activities and 
prompt tissue regeneration. OC scaffolds can be implanted by arthroscopy or mini- 
arthrotomy and fixed by press fit. Some cases may require additional fixation 
through sutures, pins or fibrin glue. Currently, lesion size range from 2 to 8 cm2 can 
be treated using osteochondral scaffolds which are available in predetermined sizes 
or patches that can be shaped and sized at the time of implantation [14]. Commercially 
available scaffolds such as Chondromimetic (Tigenix NV), MaioRegen 
(Finceramica) and TruFit® BGS Plugs (Smith & Nephew) have been used, with or 
without cells, in clinical trials for treatment of small cartilage and osteochondral 
defects (OCDs) (<1.5 cm2). However, limited success was reported, and none of 
these scaffolds have achieved satisfactory durable clinical results.

In late-stage OA, chondrocytes clustering and apoptosis are evident in the carti-
lage. In the deeper zones of the cartilage, chondrocytes undergo hypertrophic dif-
ferentiation, and the calcified cartilage expands and advances into the overlying 
hyaline articular cartilage, with duplication of the tidemark (Fig. 12.1). This process 
is initiated by the penetration of vascular elements into the osteochondral junction. 
In addition to the development of osteophytes at the joint margins and cysts within 
the subchondral bone, the subchondral cortical plate becomes flattened and 
deformed, a process referred to as “bone attrition”. In this stage of the disease, 
underlying zones of calcified cartilage and subchondral bone are exposed [1]. In 
these advanced cases, joint prosthesis surgery is often required [9].

To date, OC tissue engineering approaches have mainly focussed on regeneration 
of small OC defects mostly in early stages of OA. However, with the right scaffold, 
treatment of large, late-stage OC defects could become possible. The idea of a 
“smart” scaffold which provides an appropriate biomechanical environment to 
support healthy cell growth and promote OC regeneration has been reported as the 
Holy Grail in the last decades in the treatment of both early and late stages of 
OA. However, this has been achieved only in early stages of OA, and with limited 
success. In this paper, we discuss the requirements of an OC scaffold and insights 
from the studies of OC scaffolds performance, both in vivo and in clinical settings, 
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in the light of similar events observed during the development of OA. The effect of 
biomechanical and biological fixations of the scaffold on the healthy regeneration of 
OC tissue has become increasingly apparent. The results discussed in this study 
would provide us with the essential knowledge for the successful development of 
future clinical OC scaffolds.

12.2  Osteochondral Tissue Engineering

Tissue engineering (TE) is a discipline that applies the knowledge of materials sci-
ence, cell biology and bioengineering to construct tissue templates and restore the 
function of an injured tissue (Fig. 12.2). It may involve a cell-free approach by using 
a scaffold only, or it may involve taking the cells from the patient, seeding the cells 
onto a scaffold and culture this whole in a bioreactor system and then transplanting 
it back into the patient once the tissue has matured. In either processes, the three-
dimensional porous scaffold plays an important role in supporting the (seeded/resi-
dent) cells growth and guiding new tissue formation [20]. Due to the unique structure 
and property of OC tissue unit, the concept of the simultaneous regeneration of 
articular cartilage and underlying bone (OC defect) to develop a well-defined tissue-
to-tissue interface [21] has drawn considerable attention, especially as a technique 
for promoting superior cartilage integration and a treatment for OC defects as often 
observed in osteoarthritic joints [18].

Fig. 12.2 Three key ingredients of tissue engineering are scaffolds, cells and bioreactors. (Adapted 
from Refs. [18, 19])
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In general, cartilage-to-cartilage interfaces do not integrate well because of the 
dense avascular nature of cartilage and scarcity of cells; however, it is often observed 
that host bone integrates well with the grafted bone tissue and other implant 
materials. To improve the integration of the engineered cartilage tissue with the host 
tissue, an OC implant can be used where the bony region serves as an anchor for the 
implant. Thus a successful OC scaffold needs to address both regions concurrently. 
The cartilage and bone regions of the OC composite scaffold require different 
physical and mechanical properties to mimic the gradient mechanical property, 
structure and functionality of the OC unit. A major challenge is thus generating the 
natural gradation in porosity, composition and biomechanical properties associated 
with both tissues (i.e. bone and cartilage) as well as the integration of the two types 
of tissues [22].

12.2.1  Scaffold Design Considerations: Mimicking the Nature

The OC tissue is composed of cartilage and subchondral bone, each with their own 
specific hierarchical structure and biological property [23]. Therefore, to design a 
biomimetic scaffold, an understanding of the OC unit, including its composition, 
structure and function, is essential.

12.2.1.1  Cartilage–Bone Junction

Articular cartilage – the top layer of an OC unit – is vital for facilitating a smooth 
motion within joints and absorbing impact. It consists of chondrocytes embedded in 
an extracellular matrix (ECM) mainly comprising collagen (60% dry weight [24], 
90–95% type II [25]), proteoglycans and non-collagenous proteins. The structure 
and composition of the cartilage are organised on two levels, which are determined 
according to the distance from the cartilage surface and in relation to its distance 
from the cells. Typically, articular cartilage is divided into four zones based on the 
distance from the surface: superficial, middle, deep and calcified zones [25]. The 
latter is directly below the deep zone containing hypertrophic chondrocytes 
embedded in a densely mineralised matrix which constitutes the OC interface [26]. 
Calcified cartilage is separated from the deep zone by a discrete band of mineralised 
cartilage called “tidemarks”. This line represents the mineralisation front of the 
calcified cartilage and provides a gradual transition between the two dissimilar 
regions of cartilage (non-calcified and calcified). Immediately below the calcified 
zone lies subchondral bone plate – a bony lamella (cortical endplate, 1–3 mm thick 
[27]), which is separated by a “cement line” from the calcified cartilage. Together 
with the supporting trabeculae and subarticular spongiosa, they form the subchondral 
bone unit [5]. While the tidemark is crossed by collagen fibrils between the articular 
cartilage and calcified cartilage resulting in a strong link between these two zones, 
the cement line marks the separation of the cartilage and underlying bone. It is 
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presumed to be a region of weakness since no collagen fibres are continuous 
between the calcified cartilage and subchondral bone plate [5, 28]. The steep 
stiffness gradient between cartilage and subchondral bone unit may be one of causes 
of cartilage delamination from the bone due to shear stresses [5]. Different 
magnitudes of strain, internal pressure and fluid flow are developed in each of the 
osteochondral layers during loading [29], the convex joint surfaces can be exposed 
to large lateral forces which may lead to a variety of shear-induced lesions in the 
osteochondral region [28]. Therefore, one of the important considerations in 
designing bi-/multilayered scaffolds [30] for OC TE is to avoid abrupt and large 
changes in mechanical properties of different layers.

12.2.1.2  Role of Subchondral Bone in Maintenance of Cartilage

Subchondral bone is essential in function and maintenance of articular cartilage. 
From biomechanical point of view, the joints can withstand about 2.5–5 times of the 
body weight caused by the dynamic loading generated during walking. Subchondral 
bone enhances the load bearing capacity: normal subchondral bone attenuates about 
30% of the loads through joints; only 1–3% is attenuated by cartilage [5]. Cartilage 
and bone act in concert by performing a biomechanical function of the joints, the 
former as a bearing and the latter as a structural girder and shock absorber [31]. As 
such, simultaneous repair and regeneration of cartilage and subchondral bone is a 
key concept in osteochondral tissue engineering.

It is hypothesised that the thickness of cartilage is dependent on the joint congru-
ency [5] and local stresses [32]. A joint with a high congruency has thin cartilage, 
whereas a joint with a low congruency is covered by a thick layer of cartilage so that 
it can more easily deform thereby increasing the load-bearing area and decreasing 
the stress per unit area [5, 33]. It is intuitive that heavily stressed regions have 
thicker cartilage. As for the subchondral bone, regional differences in mineralisation 
can also be recognised, and greater density is usually found in the more heavily 
loaded regions of the joint surface [5, 32]. Therefore, it can be suggested at places 
within the joint where the stress is assumed to be greatest, the subchondral bone 
mineralisation is higher and the cartilage is thicker [5]. Therefore, design of the 
scaffold may need to be adjusted in terms of the thickness and mineralisation/stiff-
ness of layers according to the location of the defect within the joint.

The subchondral bone also plays an important role from nutritive point of view. 
The subchondral bone plate has a high number of vessels and hollow spaces invading 
the cement line into the calcified cartilage, and they are mainly concentrated in 
heavily stressed zones, providing a rich blood supply to subchondral bone and 
nutrients to the cartilage [5]. Whereas the superficial zone of cartilage is mainly 
dependent on diffusion via synovial fluid as its nutritive source, the subchondral 
circulation may make a significant contribution to the nutrition in deep and calcified 
cartilage [34, 35]. In fact it has been shown that more than 50% of the glucose, 
oxygen and water requirements of cartilage are provided by perfusion from these 
subchondral vessels [36, 37]. The abrogation of contact between the subchondral 
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bone and cartilage leads to degeneration of cartilage in the long run [38]. This 
emphasises the importance of subchondral bone regeneration and vascularisation in 
OC tissue engineering.

Highlighting the significance of vasculature in bone formation is the fact that the 
metabolically active cells are no more than 100 μm away from a capillary for supply 
of oxygen and nutrients [39, 40]. Often, this poses a problem for tissue engineering 
(especially cell-free scaffolds – because in the in vitro construct this can be alleviated 
by using bioreactors), since the resident cells may not be able to migrate deep into 
the scaffold due to diffusion constraints of oxygen and nutrients, only cells close to 
the surface are able to survive. However, the mineralisation at the periphery of the 
scaffold actually block further diffusion and mass transfer to the interior of the 
scaffold, leading to growth of only thin cross-sections of tissue (<500 μm) [41]. 
This needs to be taken into account when designing a scaffold for OC tissue 
engineering, for example, by devising internal channels [42] in the OC scaffold.

12.2.2  Scaffold Structure and Properties

When the calcified zone of cartilage is surgically removed, such as in the case when 
the basis of a chondral or OC defect is prepared prior to microfracture or scaffold 
implantation, the bone marrow which contains mesenchymal stem cells (MSCs) 
may enter the debrided defect via the blood vessel or channels [5]. Controlling the 
cellular behaviour of bone marrow mesenchymal stem cells (BMMSCs) is vital for 
achieving correct type of regenerated tissue (e.g. hyaline cartilage as opposed to 
fibrocartilage). The scaffold provides physical environment to support BMMSC 
growth and plays a vital role in controlling BMMSC fate [43] through scaffold–cell 
interactions to regulate cell phenotype, cytoskeleton spreading, proliferation, gene 
expression and ECM secretion through metabolic activity, cell–matrix and cell–cell 
contact [44].

The microenvironmental factors affecting stem cell behaviour [45] include scaf-
fold surface characteristics (e.g. wettability and charge – cell attachment), material 
(cell attachment and differentiation), microstructure (porosity, pore size and shape – 
cell adhesion, migration and differentiation) and stiffness (cell differentiation).

12.2.2.1  Scaffold Surface and Material Characteristics Affect Cell 
Attachment and Differentiation

When a scaffold is implanted into an OCD, the biological fluid (e.g. from bone mar-
row, synovial fluid, etc.) from the patient will be in contact with the surface of the 
scaffold. The surface wettability affects protein absorption and consequently cell 
attachment to it. Therefore, understanding the molecular mechanism of cell adhe-
sion on biomaterials is important to manipulate the scaffold–cell interaction.
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When an anchorage-dependent cell (such as MSCs) comes in contact with a 
surface, it must adhere to the surface to remain viable, proliferate or differentiate. 
Attachment to the surface can be non-receptor-mediated via weak chemical bonding, 
such as electrostatic, hydrogen or ionic bonding; however, this type of adhesion 
does not guarantee the transmission of signals from the microenvironment to the 
cells, which is necessary to prompt the secretion of ECM molecules from cells, and 
without it the cells may go into apoptosis. By contrast, receptor-mediated adhesion 
through ECM molecules such as fibronectin or collagen allows signal transmission. 
These ECM molecules adsorb onto the surface of biomaterial from the surrounding 
environment and then bind cell integrins through their specific amino acid sequences. 
These specific amino acids are called ligands, and the minimum adhesion motif on 
ECM molecules should contain at least three amino acids, which are often 
symbolised by Arg-Gly-Asp (RGD). On the other hand, integrins are glycoproteins 
consisting of one α and one β chain. There are about 16 recognised α subunits and 
eight β subunits with various combinations, which results in receptors with 
preferential binding affinity to certain ECM molecules [46, 47].

Once ligand binds to the surface, integrins are formed into dot-like or streak-like 
“focal adhesions”. In these focal adhesions, integrins communicate with structural 
and signalling molecules, such as talin, α-actinin, filamin, paxillin or vinculin, 
which link integrin receptors to cytoplasmatic actin cytoskeleton (Fig.  12.3). 
External signals are then transmitted from the microenvironment to the nuclei of 
cells [49], thereby influencing intracellular transport processes and the secretion of 
various molecules and determining the cellular activities such as cell proliferation 
and differentiation or apoptosis [47]. The extent and strength of cell adhesion to a 
surface affects its migration and its decision to switch between proliferation and 
differentiation behaviour [47, 49, 50]. For example, cells with large adhesion are 
usually dormant in migration and proliferation and more active in the expression of 
differentiation markers [50]. The optimum adhesion of cells generally occurs on a 
moderately hydrophilic and positively charged scaffold because the adhesion 
molecules are adsorbed in a favourable geometric conformation, making ligands 
available to bind with cell receptors [50]. In short, cell attachment requires specific 
binding proteins to be present on the material. The surface morphology and 
chemistry of the scaffold regulate protein adsorption and influence cell attachment 
and alignment [51].

Biomaterials used in tissue engineering of OCDs are usually categorised into four 
major groups: natural polymers, synthetic polymers, metallic materials and inor-
ganic materials such as ceramics and bioactive glasses. Multicomponent systems 
can be designed to generate composites of enhanced performance [3]. Naturally 
derived polymers such as collagen, alginate, gelatin and chitosan have the advantage 
of native biological function, enhancing cellular attachment, proliferation and func-
tion [52, 53]. As explained earlier, cells primarily interact with scaffolds via ligands 
on the material surface. Scaffolds synthesised from natural extracellular materials 
(e.g. collagen) naturally possess these ligands in the form of RGD-binding sequences, 
whereas scaffolds made from synthetic materials may require deliberate incorpora-
tion of these ligands through, for example, protein adsorption [54]. The main disad-
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vantages of these naturally derived biomaterials are batch-to-batch variability and 
low mechanical strength. With synthetic polymers (e.g. PCL, PLA, PLGA) on the 
other hand, it is possible to precisely control the mechanical properties and tailor the 
structure and apply surface modifications. However, they exhibit poor cell adhesion 
due to their intrinsic hydrophobicity and lack of natural ligand binding sites [52].

Bioceramics, such as calcium phosphates, are known for their excellent osteo-
conductivity [3, 55]. The most common types of calcium phosphates for bone TE 
scaffolds are hydroxyapatite (Ca10(PO4)6(OH)2), tricalcium phosphate (TCP), bipha-
sic calcium phosphates and multiphasic bioglasses [56]. The physical properties of 
the calcium phosphate ceramics, such as degradation rate, modulus and process-
ability, can be controlled by altering their composition [57].

Fig. 12.3 Cell–scaffold interaction. (Modified from Refs. [46, 48])
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12.2.2.2  Scaffold Microstructure Affects Cell Adhesion, Migration 
and Differentiation

Once attach to a substrate, the cells need to migrate into the scaffold three- 
dimensional space, proliferate and differentiate into the appropriate tissue type 
there. Cell migration requires scaffold to be porous [58, 59] and to have an 
interconnected pore structure to allow for healthy cellular invasion and growth, 
nutrition delivery [60] to the cells inside the scaffold as well as removal of metabolic 
waste from the cells. Vascularisation – as explained in the design considerations – is 
not therefore possible without porosity to allow oxygen and nutrition diffusion and 
vasculature formation [61]. In fact, absence of any bone formation on a solid 
scaffold that lacked porosity demonstrates the importance of this factor in tissue 
formation [62].

Cell migration is also affected by another microstructural factor: pore size. Cells 
use a bridging mechanism when migrating through a porous scaffold; that is, they 
use neighbouring cells as support to bridge across pores larger than their diameters. 
If the pore dimension greatly exceeds the size of a cell, then the cell can only spread 
along the walls of the pore, instead of bridging a pore, a phenomenon that influences 
cells’ migration ability and speed in general [60]. If pores are too small, cell 
migration is limited; the cells trying to bridge the small pores block the way for 
migration into the centre of the scaffold, resulting in the formation of a cellular 
capsule around the edges of the scaffold. This in turn can limit diffusion of nutrients 
and removal of waste resulting in necrotic regions within the construct. However, 
cells travelling through larger pores may migrate slower, but their directional 
movement allow them to travel further into the scaffold increasing cell migration 
and scaffold infiltration [60].

Differentiation of MSCs can be influenced by pore size as well as the pore shape. 
This can be attributed to the particular cellular events prerequisite in the chondrogenic 
and osteogenic differentiation processes of MSCs. Chondrogenesis of MSCs is 
associated with morphologic changes from fibroblast to spherical morphology, in 
which the fibroblastic morphology is formed through cell–matrix interactions 
during migration and proliferation, and develops into spherical morphology in the 
process of condensation. The chondrogenic differentiation of MSCs occurs in 
highly regulated stages. Aggregation of mesenchymal cells into pre-cartilage 
condensations is crucial for chondrogenesis. Condensation occurs through cell–cell 
contacts, which is controlled by the association of cell adhesion molecules of the 
adjacent cells, formation of gap junctions and changes in the cytoskeletal 
architecture, subsequently activating intracellular signalling pathways to initiate the 
transition from chondroprogenitor cells to a fully committed chondrocyte [44, 63, 
64]. The ability of MSCs to aggregate in the larger pores in a porous scaffold, 
coupled with proliferation of cells within the scaffold, might facilitate chondrogenic 
condensation process of MSCs [44], showing the effect of pore size in controlling 
MSCs differentiation.

Cell shape is a potent regulator of cell growth and physiology [65], and many 
events related to embryonic development (e.g. single and collective cell migration, 
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dorsal closure, etc. [66]) and stem cell differentiation are influenced by cell shape 
[43]. An example can be seen in Fig. 12.4, where the effects of cell spreading and 
focal adhesions on viability, migration, proliferation and differentiation of cells are 
shown.

In bone and cartilage development, flattened and spherical cell morphologies are 
the most relevant, where the spherical morphology of chondrocytes is closely 
related to their chondrogenic potential [67]. A direct comparison of cell and nuclear 
shape of BMMSCs shows that a more rounded nuclear shape is associated with the 
greatest expression of molecular markers associated with chondrogenesis [68] and 
a change in the cell shape profoundly alters the organisation of the actin cytoskeleton 
and the assembly of focal adhesions [69]. As shown in Fig. 12.4, the extent and 
strength of cell adhesion to a surface affect its migration and its decision to switch 
between proliferation and differentiation behaviour [47, 49, 50]. For example, cells 
with large adhesion are usually dormant concerning migration and proliferation and 
more active in the expression of differentiation markers [50]. It is therefore possible 
to influence MSCs fate artificially through control of their shape by synthetic 
extracellular matrices [43], such as scaffold pore shape or surface chemistry, and 
hence influencing differentiation of MSCs to chondrocytes and osteoblasts.

There are a number of techniques available to produce porous scaffolds, depend-
ing on the scaffold material. Pore-inducing techniques for synthetic polymers 
include solvent casting in conjunction with particulate leaching, phase separation, 
gas foaming, melt-moulding and fibre bonding [40, 70], all of which involve high 

Fig. 12.4 Effect of cell spreading/adhesion on subsequent cell behaviour. Blue refers to cell 
nuclei, and black dots represent focal adhesions. (Adapted from Ref. [47])
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temperatures, the use of chemicals or pH levels unsuitable for protein-based natural 
polymers. Consequently, the number of methods to generate pores in natural poly-
mer is quite limited. Two of the most commonly used methods are freeze- drying 
[71] and critical point drying.

The use of 3D printing has gained considerable attention in recent years. This 
technique is especially fitting to generate OC scaffolds, since this tissue has a 
complex graded structure where biological, physiological and mechanical properties 
vary significantly over the full thickness of osteochondral unit [72]. “Solid free- 
form” technologies including 3D printing provide us with tools to closely control 
the design and shape (including the distinct curvatures of joints) in the final products; 
hence producing tailorable scaffolds has become a reality. Different techniques of 
3D printing are extensively discussed in Do et  al. [73], O’Brien et  al. [74], and 
Sachlos and Czernuszka [40]. These include direct 3D printing, indirect 3D printing 
[75], bioplatter printing (using a “bioink” or cell-laden gels) [76, 77], fused 
deposition modelling (FDM) [78], selective laser sintering (SLS) [79] and 
stereolithography (SLA).

12.2.2.3  Scaffold Stiffness Affects Cell Migration and Differentiation

Scaffold stiffness is another factor affecting stem cell fate [80, 81]. Naive mesen-
chymal stem cells are shown to specify lineage and commit to phenotypes with 
extreme sensitivity to tissue-level elasticity [81]. At the cellular scale, normal tissue 
cells probe elasticity as they anchor and pull on their surroundings [80] (Fig. 12.5). 
The cells’ response to mechanical properties of their matrix involves a feedback 
loop, where cells exert contractile forces on the matrix (e.g. it has been shown that 
each fibroblast on a scaffold exerts 1nN force to the matrix [82], which can contract 
it depending on the stiffness of the matrix). The contractile forces generate strain in 
the substrate. This strain can be detected by other cells, and they respond to this by 
adjusting their cytoskeleton and overall state [60, 80, 83]. Engler et al. [81] showed 
that human MSCs favoured differentiation into neuron-like cells on soft substrates, 
into myogenic lineage on substrates with moderate elasticity and into osteogenic 
lineage on rigid substrates [81] (Fig. 12.5). Similarly, the matrix stiffness can affect 
cell migration. The contact between fibroblasts, epithelial cells, smooth muscle and 
the matrix reduces on softer substrates, and cells migrate from softer regions to 
stiffer regions when subjected to gradient stiffness [45]. Tailoring the stiffness of the 
scaffold layers to induce chondrogenesis and osteogenesis is an important consider-
ation in achieving the correct type of regenerated tissue.

Regardless of microstructure, the intrinsic resistance of a solid to a stress is mea-
sured by the solid’s elastic modulus E, which is obtained by the linear slope of 
stress–strain curve when subjected to a force [80]. A scaffold’s mechanical proper-
ties, on the other hand, are derived from both its composition (solid elastic modu-
lus), microstructure (%porosity) and topology (connectivity and shape of the pores) 
[60, 84]. This is why the bulk modulus of a porous scaffold may be many times 
lower than that of the local elastic modulus facing an individual cell (e.g [85, 86]).
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Scaffolds can be developed as cell-free matrices, or as tissue-engineered con-
struct before implantation. In the former, the fabricated scaffold is implanted either 
in a single-step (with no cell) or a two-step (with autologous cells) procedure. In 
the latter, the scaffold is seeded with autologous cells from the patient in the labo-
ratory, the tissue is grown in vitro and the neo-tissue is implanted in the patient 
(two-step procedure). In this method, utilising a bioreactor could be beneficial. 
During physiological loading, a range of mechanical stimuli are developed in car-
tilage such as compressive and shear strain, stress, hydrostatic pressure and fluid 
flow. Bioreactors help to emulate these conditions in vitro by providing environ-
mental, biochemical and mechanical cues to the cells [20]. The beneficial effects 
include differentiation of progenitor cells towards chondrogenic and osteogenic 
lineages [29].

Fig. 12.5 Cell–scaffold interaction, (a) in soft and (b) in stiff substrates and (c) the resultant cyto-
skeletal formations; redrawn from [60]
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There are several types of bioreactors suitable for osteochondral tissue engineer-
ing, including “rotating” and “perfusion” bioreactors. In the rotating bioreactors, 
scaffolds are suspended between two cylinders in the cell culture medium, and gas 
flow occurs via a silicone membrane. Although mass transport to the surface of the 
construct is enhanced by this method, it still only takes place by diffusion within the 
scaffold. The perfusion bioreactors include perfusion cartridges and perfusion 
chambers, with the latter being capable of applying 3D mechanical loading to the 
construct. This method is designed in a way to provide interstitial fluid flow through 
the scaffold [20] and is an effective way for initial cell seeding as well as subsequent 
mass transport [87]. Perfusion bioreactors have been used for generation of osteoin-
ductive [88] grafts and cartilage constructs [89] and simultaneous construction of 
both tissues in a double-chamber (hydrostatic pressure but no mechanical stimula-
tion) perfusion bioreactor [90].

12.3  Performance of OC Scaffolds in Animal and Clinical 
Studies

A great number of scaffolds have been fabricated and explored for osteochondral 
tissue engineering. These scaffolds have been developed specifically to reproduce 
bone and cartilage either with or without the addition of cells [91]. Of those, only a 
small number has been advanced into clinical trials [92].

12.3.1  In Vivo Performance of Osteochondral Scaffolds: 
Animal Model Studies

OCDs involve articular cartilage and associated subchondral bone. Multilayered 
osteochondral scaffolds have been developed to mimic the native architecture of the 
osteochondral tissue unit. There are many research groups around the world that 
have developed different osteochondral scaffolds from a range of biomaterials and 
their combinations. Tables 12.1 and 12.2 summarise the typical osteochondral 
scaffolds that have been evaluated in in  vivo animal studies (Table  12.1) and in 
clinical studies (Table 12.2).

Gotterbarm et  al. have reported a composite scaffold of collagen I/III for the 
upper cartilage layer and tricalcium phosphate (TCP) as bone section. They 
incorporated growth factors such as bone morphogenetic protein (BMP) and 
transforming growth factor beta (TGF-β) in their scaffold and evaluated the 
performance of the scaffolds in a minipig model. Fifty-two weeks post-operation 
results showed that the scaffolds were fully degraded. However, only approximately 
32% of the defect area was restored with the lamellar trabecular bone. They 
concluded that although the use of growth factors assisted the rate of resorption, it 
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did not increase new bone formation. No information regarding the quality of neo- 
cartilage was given in this study [95, 96].

Deng et al. [97] have designed a scaffold comprising gelatin–chondroitin sul-
fate–sodium hyaluronate (GCH) for cartilage and gelatin–ceramic bovine bone 
(GCBB) for bone compartments. The mechanical properties (modulus) of this scaf-
fold were superior to the scaffold made from collagen and TCP as reported by 
Gotterbarm [96]. The bone section showed a modulus of 13.4 MPa and a modulus 
of 5.7 MPa for cartilage section. The scaffolds were implanted in large patella OCDs 
of rabbits with and without addition of cells. It was shown that the scaffolds contain-
ing cells encouraged formation of hyaline cartilage at 6, 12 and 24 weeks. In com-
parison with cell-containing scaffolds, the scaffolds alone prompted formation of a 
fibrous tissue. Although favourable results were observed in terms of the quality of 
the tissue, the size of the animal model as well as the short duration of the study did 
not give any indications of their long-term performance in clinical settings (i.e. 
human).

In another study [100], a composite scaffold of different types of silk with and 
without incorporation of growth factors was studied in rats for 8 weeks. A satis-
factory biointegration of scaffold with the surrounding tissue was observed. The 
researchers also observed formation of a neo-osteochondral tissue, with mulberry 
silk favouring osseous differentiation (type I collagen) and non-mulberry direct-
ing chondrogenic differentiation (proteoglycan with both type I collagen and type 
II collagen). This was very encouraging in terms of achieving the correct tissue 
type; however, again the animal model and duration of study were the limiting 
factors.

A polylactic acid poly-ε-caprolactone (PLCL) support structure was fabricated 
using laser micromachining technology and thermal crimping to create a function-
ally graded open pore network scaffold [126]. This scaffold was evaluated in a rab-
bit model with and without MSCs. The authors observed no evidence of inflammation 
or giant cells and concluded that the acellular constructs performed better than cell- 
seeded constructs with endogenous progenitor cells homing through microtunnels. 
However, the duration of study was very short (4 weeks), and although the scaffold 
is branded as an osteochondral scaffold, no information about the subchondral bone 
regeneration was given.

Recently, a multilayered biomimetic scaffold comprising a bone layer of type I 
collagen/HAp, an intermediate layer of type I/type II/HAp and a superficial layer of 
type I/type II collagen/hyaluronic acid was developed and tested in femoral con-
dyles of eight rabbits. After 12 weeks, it was shown that the International Cartilage 
Repair Society (ICRS) score of joints treated with the scaffold was higher than the 
non- treated joints, showing a grade II cartilage (nearly normal) compared to grade 
III (abnormal) in non-treated groups. The level of bone formation was also signifi-
cantly higher in groups treated with the scaffold [94]. However, looking closely at 
micro-CT images (Fig. 12.6a), it can be seen that there are areas of incomplete bone 
regeneration after 12 weeks. The scaffolds were further evaluated in caprine model 
and compared to a commercial scaffold – TruFit [127]. Complete bone regeneration 
took place after 12 months (Fig. 12.6).

M. Tamaddon and C. Liu



279

12.3.2  Clinical Performance of Typical Existing OC Scaffolds

A search in Clinicaltrials.gov with the key phrase “osteochondral scaffold” resulted in 
nine entries, four of which with high relevance to the current review are discussed below.

BiPhasic Cartilage Repair Implants (Exactech, Taiwan) Biphasic osteochon-
dral scaffolds [128] or BiPhasic Cartilage Repair Implants (BiCRI, Exactech 

Fig. 12.6 (a) Micro-CT analysis at 12 weeks post-surgery showed greater levels of bone repair in 
the multilayered scaffold group than the empty defect group [94] (rabbit model); (b) micro-CT 
analysis showed improved subchondral bone repair in the multilayered scaffold group in medial 
femoral condyle [127] (caprine model)

12 Enhancing Biological and Biomechanical Fixation of Osteochondral Scaffold…
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Taiwan) are used in a matrix-assisted autologous chondrocyte implantation (MACI). 
The biphasic cylindrical plugs (8.5 × 8.5 mm) are made from polylactic-co-glycolic 
acid (PLGA) and PLGA plus b-tricalcium phosphate (TCP) by particulate leaching 
method. PLGA, which comprises 1.5  mm of the cylinder height, serves as the 
cartilage layer, and PLGA+TCP serves as the osseous phase. A reservoir between 
these two layers is created for double-minced chondrocytes harvested from the 
graft. The structure of the BiPhasic Cartilage Repair Implant is illustrated in 
Fig. 12.7. Ten patients with grade III and IV lesions (size less than 20 mm) of the 
knee femoral condyle were treated with this osteochondral scaffold and assessed 
using Knee Injury and Osteoarthritis Outcome Score (KOOS) and Visual Analogue 
Scale (VAS) scores at 6 weeks and 3, 6, 12, and 24 months intervals. Magnetic 
resonance imaging (MRI) scans were performed at 12  months post-operation to 
assess cartilage formation. No serious adverse events (AE) were reported but KOOS 
score increased significantly only after 2 years. It was reported that the interface 
between the graft and the neighbouring native bone was distinguishable by 
MRI. Second-look arthroscopy after 12 months showed that in 70% of patients the 
neo-cartilage was well-integrated, while 30% showed incomplete integration and 
presence of fibrous tissue. Histology of the biopsy samples stained positive with col. 
II and Alcian blue showed mostly a hyaline cartilage with viable columnar cells. 
The study later moved into a phase III clinical trial. However, no results have been 
published yet. As it was observed from MRI scans of patients after 12 months, the 
boundary of the bony pit was still distinguishable [128].

Chondromimetic (TiGenix, Belgium) Chondromimetic implant is intended to 
serve as a scaffold for cellular and tissue ingrowth in small osteochondral defect. 
The plug consists of a chondral layer with collagen and glycosaminoglycans (GAG) 
and an osseous layer with collagen, GAG and calcium phosphate. The clinical trial 
was terminated due to slow patient recruitment rate. A preclinical study in goats is 
available [129] with implantation of scaffolds in nine goats for 26 weeks. It was 
shown that hyaline-like cartilage (50% in medial femoral condyle (MFC) defects 
and 83% in lateral femoral condyle (LFC) defects) with mechanical properties close 
to that of native cartilage was formed. The efficacy was described as a viable 
alternative to marrow simulation. Getgood and colleagues compared the performance 
of Chondromimetic with that of TruFit in critical sized defects of MFC and lateral 
trochlear sulcus [130]. The scaffold was also combined with BMP-7 and rhFGF18 
and evaluated in ovine model. Statistical analysis demonstrated significant 
improvements in gross repair, with respect to the mechanical properties and 
histological score, over empty defects when Chondromimetic was combined with 
rhFGF18 [131]. However, subchondral bone regeneration was incomplete, and 
subchondral cysts were formed in the case of combining with BMP-7, as revealed 
by histological examination shown in Fig. 12.8.

MaioRegen (Finceramica, Italy) MaioRegen is one of the most investigated 
scaffolds for OC tissue engineering. It was developed as a tri-layered composite 
with layers of different compositions representing cartilage  (100% type I colla-
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gen), calcified cartilage  (60% collagen and 40% HAp) and subchondral bone 
regions (30% collagen and 70% HAp) [132], as illustrated in Fig. 12.4a. MaioRegen 
is reported to have a porosity of 45–65% and porosity-dependent Young’s modulus 
in the region of 1.50–6.85 GPa [132]. It has been evaluated in animal studies, as 
well as several clinical trials cases (see Table 12.2), and it is currently in its phase 
4 clinical trials.

Fig. 12.7 Biphasic cylindrical scaffold. (a) The white arrow indicates the 1.5 mm PLGA layer for 
chondral phase, (b) at 12 months post-operation, the surgically created pit at the grafted site was 
filled with radiopaque trabecule. The black arrows indicate contour of the bony pit; (c) MRI 
(coronal acquisition with T1 sequence) at 12 months still clearly demarcates the bony pit, which is 
depicted by a signal different from the native cancellous bone. The white arrows indicate interface 
between graft and host bone. (Adapted from Ref. [128], with permission from Elsevier)
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The animal study was conducted on two horses, with tri-layered scaffolds 
implanted in MFC lesions (10 mm × 8–10 mm). It is reported that newly formed 
bone and cartilage-like tissues integrated well with the surrounding host tissue after 
a 6-month period, and formation of tidemark line was described [104]. However, the 
newly formed cartilage was fibrocartilage, not integrated hyaline cartilage as 
expected in the articulating joints. The first clinical trial was completed on 13 
patients (15 lesions) on MFC, LFC, patellae and trochlear lesions of grades IV and 
V with a mean defect size of 2.8 cm2 (range, 1.5–5.9 cm2). After a 6-month follow-
up period, a complete graft attachment in 13 sites and 2 partial detachments were 
reported. The examination of biopsies, taken from two patients who needed addi-
tional surgery, revealed that the newly formed tissue in cartilage compartment was 
fibrocartilage containing mostly type I collagen and no proteoglycans [110].

Subsequently, the scaffolds were used in another clinical trial on 27 patients (32 
defects) with MFC, LFC lesions, patellae, trochleae and tibial plateaus with a lesion 
size of 1.5–6 cm2. The 2–5-year follow-up study demonstrated a significant improve-
ment in the International Knee Documentation Committee (IKDC) score. The IKDC 
score increased to 76.5 ± 14.5 (2 years) and 77.1 ± 18.0 (5 years), respectively, from 
its initial scores of 40.0 ± 15.0. Similarly, the Tegner score increased to 4.0 ± 1.8 
(2 years) and 4.1 ± 1.9 (5 years) from its initial score of 1.6 ± 1.1. MRI examination 
showed significant improvement in Magnetic Resonance Observation of Cartilage 
Repair Tissue (MOCART) score and subchondral bone status from 2 to 5 years. At 

Fig. 12.8 Histological sections stained with Safranin O of Chondromimetic in a goat model. (a) 
Empty defect, (b) scaffold alone, (c) scaffold + rhFGF-18 and (d) scaffold + BMP-7. In (c) and (d), 
there appears to be a cartilage cleft, with significant proteoglycan staining extending down into the 
subchondral bone. In (d) there is a large subchondral cyst (black rectangle). The arrows denote the 
margins of the defect. (Adapted with permission from Ref. [131] from Springer)
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5 years post-operation, complete filling of the cartilage was observed in 78.3% of the 
patients, complete integration of the graft in 69.6% of the patients, intact repair tissue 
surface in 60.9% of the patients, and a homogeneous repair tissue structure was 
observed in 60.9% of the cases. However, the study did not include negative controls, 
and due to complex nature of some lesions, combined surgeries took place in some 
cases [104, 105]. Consequently, 23 patients with osteochondritis dissecans (OCD) 
grade III or IV with an average lesion size of 3.5 ± 1.43 cm3 were treated with this 
scaffold, which resulted in an increase in ICRS and EuroQol Visual Analogue Scale 
(EQ-VAS) score; Tegner score increased significantly after a 2-year follow-up. 
However, it did not reach the pre-op levels. MRI data showed that 80% of the lesion 
was filled and that scaffold at the bone interface was still detectable after 2 years [112]. 
Furthermore, the scaffolds were used for treatment of large OC knee lesions (size 
4.35 ± 1.26 cm2) in 49 patients, and the results showed a significant increase in IKDC, 
VAS and Tegner scores after 2 years compared to pre-op. Five biopsies were taken, 
four of which were from the failed grafts. Macroscopic examination indicated a well 
integration of the grafts in all specimens. Histological examinations demonstrated that 
cartilage region was stained positively for type II collagen and MRI scans showed no 
signs of edema. It was found that the age of the patients, type of defects (OCD better 
outcome) and level of previous activity affected the clinical outcomes [113]. Similar 
results were observed in 79 patients with medial, femoral and trochlea grade III and 
IV lesions; IKDC score showed that 82.2% of patients had improved symptoms at a 
2-year follow-up, with Tegner and MOCART scores increasing significantly at 1 and 
2 years compared to pre-operation levels. It was again shown that a better clinical 
result was obtained in OCD lesions compared to degenerative lesions [103].

The MaioRegen scaffold has also been reported with favourable outcome in a 
series of complex cases, including a 46-year-old athletic patient, a 31-year-old 
Olympic level athlete and a 50-year-old woman. Due to complexity of lesions in 
each case, different reconstructive approaches (e.g. alignment correction, autologous 
OC transplant and microfracturing) were combined. The results after 1- and 2-year 
follow-up were good in terms of MRI showing signals for hyaline-like cartilage and 
little/no edema of the subchondral bone. The patients had lower levels of pain and 
were able to resume their previous level of activity [107–109].

Most recently however, a clinical study on ten patients with OC defects using 
MaioRegen scaffolds showed a poor OC repair in 1- and 2.5-year postoperative 
assessments [133]. In this study, two patients were reoperated due to treatment 
failure and were excluded from the results. None of the patients showed a complete 
regeneration of the subchondral bone observed from 2.5  years of follow-up CT 
examinations [133]. This was in contrary to previous studies that reported 62–72% 
of patients had complete subchondral bone regeneration after 2 years [103]. It was 
further shown that none of the patients had an intact articular surface or complete 
integration with the surrounding host tissue, as shown in Fig. 12.9. Since this report 
the clinical trials have been discontinued in Denmark, and it is advised that 
MaioRegen be used with caution.

Yan et al. have examined the outcomes of clinical trials on eight patients and 
reported that subchondral edema, sclerosis and cyst were observed in most of the 
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cases. A complete integration of the scaffold into the border zone was described; 
however, T2 mapping data and the zonal T2 index significantly differed in the repair 
tissue compared to the healthy control cartilage (P < 0.001) which indicates a lim-
ited quality of the repair cartilage obtained using this scaffold [134] as observed in 
Fig. 12.9.

TruFit (Smith & Nephew) TruFit is another well-explored scaffold for clinical 
OC treatment, which has produced controversial results. This biphasic plug was 
originally developed as a backfill for donor sites after autologous OC transplanta-
tion; however, it has been used as a scaffold for OCDs as well. Structurally, the 
osseous phase of the scaffold consists of calcium sulfate and polyglycolide (PGA) 
fibres with the chondral phase made of PLGA.  Implantation in MFC and lateral 
trochlear groove showed good histological results of cartilage regeneration after 
12  months, followed by encouraging clinical outcomes in small case series. 
However, later it was observed that in large OCDs the bone incorporation is delayed 
leading to instability of the graft and failure. This affects the cartilage, both sur-
rounding and opposing the plug, which can be damaged because of the direct articu-
lation or increased contact pressure by this instability, and has led to failure or only 

Fig. 12.9 MaioRegen scaffold. (a) shows the three layers in MaioRegen scaffold; (b) and (c) MRI 
scan of OC lesion repair after 18 months, and bone cysts are observed; (d) and (e) CT scans of 
three different patients at 1 and 2.5 years after implantation; a clear cylindrical bone cavity is seen 
in all of the cases. (Images adapted from Refs. [134–136], with permission from ACS (a) and 
Springer (b–e))
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modest results in the large defects [120]. The results of studies using TruFit have 
been contradictory in short and long terms: up to 12 months, improvements [119, 
120] have been reported (although Dhollander [117] reports 20% failure), while after 
12 months worsening and 70% failure was observed by Joshi. This coincidence with 
Verhaegen’s study reported in 2015 [137] that no bone ingrowth was observed and 
instead bone edema and cyst sclerosis were detected ([114, 117, 119]) by MRI and 
CT examinations, as shown in Fig. 12.10. Further to questionable results, the scaf-
fold was withdrawn from the global market in 2013.

12.3.3  What Have We Learnt from the Clinical Study of OC 
Scaffolds?

The significance of subchondral bone integration in maintaining a healthy articular 
cartilage is well established [133, 141], and it was discussed earlier (Sect. 12.2.1.2) 
from biomechanical and nutritive perspectives.

Fig. 12.10 A TruFit plug. (a) MRI (1 T) of an OC lesion of the medial femoral condyle treated 
with a TruFit plug after 2 years. Despite good scaffold integration and partial filling of the chondral 
layer (double arrow), subchondral bone changes were clearly seen (arrow) in this MRI sequence 
[138]; (b) sagittal magnetic resonance images of postoperative situation when an osteochondritis 
dissecans lesion of approximately 1.5 cm was treated using two TruFit BGS plugs. The bone-plug 
interface is clearly visible and could be used to define the regions of interests. The colour bar 
represents the calculated dGEMRIC index (T1gd), where a high T1gd (1000 ms) is depicted as 
blue and a low T1gd as red [120]; (c) CT scan failed to show bone ingrowth (arrow) [139]; (d, e) 
MRI at 12 and 48 months showing failure of integration [140]
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In general, during physiological loading, a range of mechanical forces are exerted 
on cartilage such as compressive and shear stress. These external stresses induce 
hydrostatic pressure in the cartilage and biofluid flow in and out of the cartilage. The 
function of subchondral bone is to support the overlying cartilage and protect the 
underlying cancellous bone from high stresses. Changes in the properties of the 
subchondral bone lead to increased strain generated in the cartilage layer, thereby 
initiating/maintaining matrix degradation, which can contribute to initiation/pro-
gression of OA [29]. Delivery of oxygen and nutrition to different zones of articular 
cartilage occurs either through diffusion from synovial fluid or through diffusion 
from micro-blood vessels within subchondral bone depending on the zone of carti-
lage. Both diffusions are needed to maintain a healthy articular cartilage. Therefore, 
degeneration of cartilage in the long run is expected if the support from subchondral 
bone is compromised, pointing to a possible reason for failure of healthy regenera-
tion of cartilage as reported in the clinical studies.

To better understand the relationship between cartilage defect and subchondral 
bone changes, we conducted a study on osteoarthritic femoral heads collected from 
total hip replacement operations. The cartilage on the femoral head was graded 
using Outerbridge classification system. A typical femoral head with cartilage grade 
is shown in Fig.  12.11a. The specimens were scanned with a micro-CT and 
peripheral quantitative CT (pQCT) system to determine the subchondral bone 
structural changes and volumetric bone mineral density (vBMD, mg/cm3) 
distribution within the femoral head. Typical micro-CT and pQCT images of OA 
femoral head are shown in Fig.  12.11b, c, respectively. It was revealed that 
subchondral bone cysts with varied sizes existed in the subchondral bone, and these 
cysts are normally observed at regions of greatest cartilage loss. The cysts formation 
leads to the changes of loading condition in the joint. As a result, the vBMD 
increased in the subchondral bone that was dependent on the degree of cartilage 
degeneration. This is in line with what was observed in other studies regarding the 
advanced stages of OA [1].

The cavities in subchondral bone, which are usually referred to as “subchondral 
bone cysts”, are normally reported in patients with OA. Usually, cysts observed in 
OA joints are in the range of 0.1–2.5 cm in diameter and appear in multiple. While 
smaller cysts are detected in the subchondral bone closer to the joint surface, larger 
cysts typically extend more deeply [142]. There are two main hypotheses about the 
origin of subchondral bone cysts in OA.  The “synovial fluid intrusion” theory 
suggests that due to cracks in the OC region occurred by repetitive overloading, 
synovial fluid enters into subchondral bone and leads to formation of these cysts 
[142], while the “bone contusion” theory suggests that the necrotic lesions in 
subchondral bone, induced by abnormal mechanical stress and subsequent 
microcracks, edema and focal bone resorption, are responsible for the cyst 
formations [143]. Subchondral bone cysts are recognisable in MRI images as areas 
of fluid signal and in radiographic images as lucent areas with sclerotic rims [143, 
144]. The cysts observed in the terminal osteoarthritic cases in our study resembled 
those of “unfilled bone voids” observed in TruFit [117, 119, 139], MaioRegen and 
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Chondromimetic (see Figs. 12.8, 12.9, and 12.10). The “cyst-like” cavities in scaf-
fold developed by seem to resolve after 12 months [94, 127] (see Fig. 12.6).

Based on these results, a paradigm was developed for cartilage defect progres-
sion (Fig. 12.12): damage in the articular cartilage changes the loading pattern on 
the subchondral bone, which leads to bone remodelling (increase in vBMD and 
formation of cysts). This affects the physical environment supporting the overlying 
cartilage and hence enhances the progression of cartilage degeneration. The existing 
hypothetical model for OA pathogenesis looks at the repetitive joint loading, which 
causes an initial increase in bone remodelling activity, perhaps as to repair the 
damage caused by the loading. This increased remodelling is associated with 
increased vascular invasion of the deep layers of the cartilage [145], which allows 
access to the cartilage by chondrolytic enzymes. This process has several effects, 

Fig. 12.11 Osteoarthritic femoral head. (a) Visual inspection of OA femoral head showing carti-
lage and subchondral bone in different stages of disease progression, (b) micro-CT scan showing 
subchondral bone cyst and (c) pQCT scans showing subchondral bone cysts and bone mineral 
density distribution surrounding the cysts
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which include secondary synovial thickening with or without secondary inflamma-
tion and loss of B cells from the synovial lining with subsequent additional impair-
ment of enzymatic inhibition. The loss of cartilage integrity caused by the loss of 
aggrecan, which normally maintains cartilage matrix compressive stiffness, will 
increase the overload of the joint feeding back to an elevation of bone formation as 
the joint attempts to adapt to the greater loads. Ultimately, this positive feedback 
loop will promote the continued loss of cartilage integrity, allowing deterioration to 
progress to clinically evident OA [27].

Although the primacy of the onset of articular cartilage degeneration and OA is 
still debatable [146], there is no doubt that the subchondral bone plays an important 
role in the progression of the cartilage degeneration. In fact, there is evidence of 
communication, biomechanically and biochemically, between cartilage and sub-
chondral bone. Where a healthy homeostatic crosstalk leads to regulated bone 
remodelling and joint maintenance, a catabolic unhealthy crosstalk leads to dys-
regulated bone remodelling and progressive damage [36].

This paradigm of OA progression can also be applied to OC tissue regeneration 
in TE, as it emphasises the importance of subchondral bone in cartilage regenera-
tion and maintenance. If the scaffold for OC defect repair does not provide a 
mechanically stable compartment in the region of subchondral bone, the forces on 
the joint will not be transferred to the walls of the defect to stimulate the cells. When 
bone marrow cells at the periphery of the defect are unable to regenerate bone, the 
osseous walls of the defect are resorbed which leads to formation of large cavities 
and collapse of the surrounding cartilage and subchondral bone [101]. These are the 
cysts that were observed in OA bones and in the cases where the bones were treated 
with the above-mentioned scaffolds. The variation in subchondral bone stiffness 
(e.g. due to existence of cysts) results in interfacial stresses with subchondral bone, 
as well as varied stress in overlying cartilage when subjected to the dynamic load-
ing. As such, without the subchondral bone healing, the elevated contact stress gra-
dients in normal cartilage near the defects may inhibit normal repair [147].

Fig. 12.12 Paradigm for cartilage defect progression
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12.3.4  Improved Biomechanical Fixation Enhances 
Cartilage Fill

As empirically observed in the commercial scaffolds, the dominant factor in scaf-
fold failing to support healthy cartilage regeneration and restore the joint function 
satisfactorily seems to be the insufficient bone ingrowth and integration with the 
host tissues. Without a stable biomechanical support, the newly formed cartilage 
would “collapse”. The “collapsed” cartilage would not be subjected to mechanical 
stimulation, which is a critical factor for healthy hyaline cartilage formation. As a 
result, poor cartilage fill and associated fibrocartilaginous repair rather than the 
hyaline cartilage, as well as poor OC repair, are often observed in the clinical trials 
of a few commercially available OC scaffolds as previously reported.

The authors believed that providing an appropriate physical environment (that 
includes the generation of an appropriate biomechanical environment and hydrostatic 
pressure) to support cartilage healing is critical for cartilage fill and hyaline cartilage 
formation. The researchers at UCL have recently developed a novel biomimetic OC 
scaffold based on a “sandwich” composite system comprising titanium, PLGA and 
collagen matrices. The titanium and PLGA supporting frameworks are fabricated by a 
3D rapid prototyping technique, and the porous matrix is filled with cross- linked type 
I collagen which is spatially graded to form a structural and compositional scaffold.

The biomimetic OC scaffold has been evaluated in sheep condyle model. The 
in vivo sheep study demonstrated that the new bone growth into the titanium matrix 
at the bone section provided a strong mechanical fixation at 12 weeks post-opera-
tion. This provides a strong support to the overlying cartilage layer leading to the 
improved cartilage fill compared to a commercially available collagen-/hydroxyap-
atite-based OC scaffold, as demonstrated in Fig. 12.13.

The scaffold has also been tested in a clinical dog shoulder model where an OCD 
had occurred due to natural development of OA in the dog. A 10 mm × 10 mm 
biomimetic scaffold was implanted in the shoulder defect. The 3-month follow-up 
arthroscopic examination revealed the cartilage had regenerated well, matching the 
curvature of the joint perfectly. Recent reports from the dog owner suggested the 
dog’s shoulder function has recovered completely. A glimpse of how this scaffold 
will perform has been given, with promising results, by Professor Noel Fitzpatrick 
of the Channel 4 TV series The Supervet.

This biomimetic OC scaffold has the strength needed to bear the physical load of 
the joints, and its biomechanical structure encourages consistent cartilage fill and a 
smooth articular surface. It has the potential to address the unmet clinical need for 
repair of large OCDs. This functional biomimetic OC scaffold bridges the gap 
between small OCD treatment and joint replacement. It is hoped that it will provide 
clinicians with a viable treatment option in situations where the disease has 
progressed beyond a small defect but where a full joint replacement could still be 
avoided. This would lead to tangible and clinically relevant results in a one-step 
surgical procedure for the treatment of large cartilage and OCDs, relieving pain and 
improving quality of life by keeping people active.
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12.4  Perspective Summary

OCDs, typically derived by traumatic injuries or OA, involve articular cartilage and 
associated subchondral bone. These defects are characterised by unbalanced 
degeneration and regeneration of the articular cartilage and bone where the intrinsic 
repair mechanisms are insufficient. Stopping or delaying progression of OCDs 
would have significant impact in health care.

The treatment of cartilage and OC defects remains a challenge because treat-
ments to date have failed to achieve a complete restoration of the joint cartilage 
surface and its properties. Many new technologies, such as OC tissue engineering 
and stem cell therapies, have been studied and applied to the repair of OC defects. 
The goal of a tissue engineering approach is to repair the defect in the joint and 
restore its function in order to delay or remove the need for a joint replacement.

Numerous OC scaffolds have been developed by different research groups 
around the world, and there are many commercially available products. However, 
few of these products promote satisfactory durable regeneration of large OC defects. 

Fig. 12.13 Sheep condyle model was used to evaluate the in vivo performance of the scaffold. (a) 
and (b) show the scaffold during and after implantation, respectively; (c) shows the X-ray image 
of the joint after surgery; (d) shows the micro-CT image of the scaffold (red line) inside the 
condyle after 12 weeks; and (e) shows the regenerated cartilage after 12 weeks
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The authors believe that the subchondral bone and adjacent cartilage form a 
functional unit. OC scaffold that simultaneously support the regeneration of 
cartilage and subchondral bone is critical for the successful repair of cartilage and 
OC defects. Lessons learnt from the clinical trials and animal studies suggest that an 
improved biomechanical fixation of the OC scaffold would provide an appropriate 
physical environment for healthy growth of the overlying cartilage.

Development of a functionally biomimetic OC scaffold which will bridge the 
gap between small OC defect treatment and joint replacement is still a grand 
challenge. However, with the advancing of OC scaffold biotechnology, it is hoped 
that, in the near future, a novel OC scaffold with improved capability for 
biomechanical and biological fixation would lead to tangible and clinically relevant 
results in a one-step surgical procedure for the treatment of large OCDs, relieving 
pain and improving quality of life by keeping people active.
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Chapter 13
Combination of Polymeric Supports 
and Drug Delivery Systems 
for Osteochondral Regeneration

Luis Rojo

Abstract Musculoskeletal conditions have been defined by European National 
Health systems as one of the key themes which should be featured during the pres-
ent decade as a consequence of the significant healthcare and social support costs. 
Among others, articular cartilage degeneration due to traumatic and degenerative 
lesion injury or other pathologies commonly results in the development of muscu-
loskeletal disorders such as osteoarthritis and arthritis rheumatoid, eventually lead-
ing to progressive articular cartilage and joint destruction especially at osteochondral 
interphase, that account for more disability among the elderly than any other dis-
eases constituting a global social challenge that needs a multidisciplinary response 
from the scientific community. Current treatments for damaged osteoarthritic joint 
cartilage include the use of disease-modifying drugs and ultimately joint arthro-
plasty as unavoidable surgical intervention due to the limited ability of articular 
cartilage to self-regenerate. However, potential future regenerative therapies based 
on tissue engineering strategies are likely to become more important to facilitate the 
recruitment of repairing cells and improve musculoskeletal metabolism. In addition, 
emerging bioprinting technologies in combination with implemented manufactur-
ing techniques such electrospinning or cryogelation processes have permitted the 
development of new tissue substitutes with precise control of sizes and shapes to 
recreate the complex physiological, biomechanical and hierarchical microstructure 
of osteochondral interphases. Thus, this chapter will provide an upgrade on the state 
of the art focusing the most relevant developments on polymer scaffolds and drug 
delivery systems for osteochondral regeneration.
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13.1  Introduction

Musculoskeletal conditions including spinal, joint and bone disorders have been 
considered the most prevalent occupational diseases and lead to significant health-
care and social support costs with an economic burden estimated at 37 billion euros 
to the European National Health systems [1, 2]. Consequently these diseases have 
been defined by H2020 priorities as one of the key themes which should be featured 
during the present decade [3]. Among others, articular cartilage degeneration due to 
traumatic and degenerative lesion injury or other pathologies commonly results in 
the development of musculoskeletal disorders such as osteoarthritis and arthritis 
rheumatoid, eventually leading to progressive articular cartilage and joint destruc-
tion [4] especially at osteochondral interphase, that account for more disability 
among the elderly than any other diseases constituting a global social challenge that 
needs a multidisciplinary response from the scientific community [5] (Fig. 13.1).

Current treatments of damaged or osteoarthritic joint cartilage include the use of 
disease-modifying drugs and ultimately joint arthroplasty as unavoidable surgical 
intervention due to the limited ability of articular cartilage to self-regenerate. 
However, potential future regenerative therapies based on tissue engineering strate-
gies are likely to become more important to facilitate the recruitment of repairing 
cells and improve musculoskeletal metabolism. These new therapies include the 
administration of different stem cell lineages such as human mesenchymal stem 
cells (hMSCs), together with acellular scaffolds based on hydrogels and soft materi-
als fabricated from synthetic polymers such as PLGA and naturally occurring extra-
cellular matrix (ECM) components derived from collagen, glycosaminoglycans 
(GAG) like hyaluronic acid (HA) or chondroitin sulphate (CS) and signalling mol-
ecules such as transforming growth factors (TGFβ1 and TGFβ3), insulin-like growth 
factor (IGF-1), (growth/differentiation factor GDF-5) and bone morphogenetic pro-
teins (BMP-2) [6–10]. In addition to this, novel polymer therapeutics for the con-
trolled delivery of disease-modifying drugs, anti-inflammatory conjugates or 
inhibitors of matrix metalloproteinases (MMPs) and immunomodulators such as 
strontium folate [11, 12], ibuprofen [13], imidazole [14] or dapsone [15], 

Fig. 13.1 Proportion of occupational diseases in EU according to the European Musculoskeletal 
Conditions Surveillance and Information Network (www.eumusc.net)
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 respectively, constitute effective treatments for musculoskeletal disorders, espe-
cially in osteoarthritis and rheumatoid arthritis in which the effectiveness of tissue 
regeneration is limited by joint inflammation [16, 17].

In this chapter, it will be considered the most recent advances on osteochondral 
regeneration from a polymer materials science perspective expanding the examples 
mentioned above and providing an overview of the most promising system currently 
used in preclinical or clinical studies.

13.2  Osteochondral Tissue Complexity: A Challenge 
for Materials Science

Articular cartilage at osteochondral interface is a well-organized and specialized 
tissue with hierarchical structure bridging subchondral bone and articular cartilage. 
The organization and composition of cartilage extracellular matrix change dramati-
cally though a gradient transition from deep to middle and superficial zones, in 
which highly calcified phase changes towards a dense cell-populated articular sur-
face, rich in orthogonally oriented collagen. In addition to this, a complex cocktail 
of proteoglycan, protein and cell population coexists within a highly hydrated avas-
cular three-dimensional niche that plays a key role in maintaining the cartilage inte-
gration for load-bearing stress and friction-free locomotion. Thus, the osteochondral 
regenerative processes play a central role in maintaining joint movement and lubri-
cation of this hierarchically structure. Unlike other tissues, damaged cartilage 
regeneration is very limited as a consequence of its low cell density and lack of cell 
recruitment through blood supply, and therefore clinical regenerative procedures 
based on classical resurfacing strategies have achieve only partial advances [18]. 
Contrary, modern musculoskeletal tissue engineering therapies based on local deliv-
ery of morphogens, cells and scaffolds have achieved significant progress towards 
the successful translation of regenerative medicine solutions to the clinic (Fig. 13.2).

The creation of the adequate environment to promote osteochondral cartilage 
regeneration can be achieved by the implantation of three-dimensional porous scaf-
folds that mimic the physiological properties, microstructure and functionality of 
native extracellular matrix as closely as possible. Thus, the ideal scaffolds do not 
only have to maintain its physical properties at the implanted environment but may 
also provide support to the populating cells and drive their proliferation by means of 
the orchestration of a controlled delivery of bioactive molecules to aid the differen-
tiation of chondroprogenitor cells. In addition, the scaffolds should mimic the bio-
mechanics, porosity and hierarchical microstructure of osteochondral interface with 
a synchronized degradation time with the new tissue forming rate. In order to over-
come all this challenges, macromolecular chemistry, among different disciplines, 
plays a key role in the design and preparation of synthetic extracellular matrices 
with specific structures, morphologies and properties, using molecules that give not 
only high molecular weight polymers but also functionality, structural order and 
self-organization of microdomains with modulated biodegradability (Fig. 13.3).
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Fig. 13.2 Schematic representation of native hyaline cartilage showing the stratified microstruc-
ture at osteochondral region

Fig. 13.3 Diagram of the ideal composition and microstructure of multiphasic scaffold for the 
regeneration of osteochondral lesson
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Naturally derived and synthetic polymers with the specific functionality offer 
uncountable possibilities for design and development of advanced cell support-
ive materials in which the combination of microstructural design and preparation 
of molecular polymer architectures, synthetic pathways and technological meth-
odologies provides a powerful tool for the preparation of engineering scaffolds 
and drug delivery devices for regenerative medicine. However, due to the intrin-
sic complexity of the osteochondral tissue, only few systems have been consid-
ered for clinical trials where hydrogels have shown the most promising results 
among other polymeric systems due to their capability to form highly hydrated 
three-dimensional matrices from hydrophilic polymers through chemical or 
physical cross-linking reactions while keeping the incorporated cells or biomol-
ecules undamaged [19, 20].

13.3  Polymer Scaffolds Used in Osteochondral Regeneration

Biocompatible hydrogels based on natural macromolecules such as hyaluronic 
acid, chondroitin sulphate, fibrin, gelatine or collagen sponge-like matrices con-
tain specific molecular domains which can stimulate cells to differentiate and 
maintain their chondrocyte phenotype [21–23], while in combination with hydro-
philic networks based on polysaccharides like alginate and chitosan, these have 
been extensively used to deliver loaded morphogens, drugs and bioactive ions 
[24–28]. Compared to natural polymers, hydrophilic synthetic polymers includ-
ing poly(lactic-co-glycolic acid) (PLGA), poly(ethylene glycol) (PEG) and 
poly(vinyl alcohol) (PVA) can be mass produced with specific structures and 
molecular weights offering improved control of the chemical composition and 
matrix architecture facilitating the controlled delivery of bioactive molecules 
with therapeutic properties and the formation of multiphasic scaffolds mimick-
ing the native osteochondral microstructure [29–33]. An ideal scaffold for osteo-
chondral regeneration does not exist. Instead, different polymeric materials 
based on naturally occurring extracellular matrix components in combination 
with synthetic polymer systems and biphasic ceramic composites have been 
developed to fit the desired biological, physical, chemical and biomechanical 
properties of the osteochondral interface tissue to be repaired. Among other fab-
rication methods, electrospinning [34], cryogelation-lyophilisation [35] and 
additive manufacturing [36] techniques have resulted most promising for the 
preparation of stratified multiphasic composite cartilage substitutes. However, 
these methods usually imply manufacturing conditions and processes that can 
easily affect to biological agents rendering to their partial degradation or biologi-
cal inactivation and thus requiring the incorporation of carriers and/or conjugates 
that permit their optimal stabilization and spatial-temporal deliver.
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13.4  Latest Developments on Polymer Scaffolds and Drug 
Delivery Osteochondral Regeneration

Few extensive reviews have been recently published providing a vast overview of 
the most relevant advances on the preparation of scaffolds for musculoskeletal 
regenerative applications [37–42]. Many of these developments have led into inno-
vative technologies and patented products that are currently under clinical evalua-
tion for the preparation of cartilage substitutes to be used in the treatment of 
osteochondral diseases [37]. However, emerging bioprinting technologies in combi-
nation with implemented manufacturing techniques such as electrospinning or 
cryogelation processes have permitted the development of new tissue substitutes 
with precise control of sizes and shapes to recreate the complex physiological, bio-
mechanical and hierarchical microstructure of osteochondral interphases. Thus, this 
chapter will provide an upgrade on the state of the art focussing on the most relevant 
developments on polymer scaffolds and drug delivery systems for osteochondral 
regeneration (Table 13.1).

Table 13.1 Main vehiculization strategies of bioactive molecules in current scaffold-based 
regenerative approaches of osteochondral defects

Vehiculization type Incorporated bioactive molecule References

Direct loading IGF-1 and TGF-β1 Gugjoo et al. [43]
MGF and TGF-β3 Luo et al. [44]
IGF-1 and BMP-2 Lu et al. [45]
Curcumin Kim et al. [46]
Chondroitin sulphate Zhou et al. [47]
Chondroitin sulphate and SDF-1 Hen et al. [48]
rhAC Frohbergh et al. [49]
TGFβ3 and Y27632 Hung et al. [50]

Micro-nano-encapsulation Chitosan/Nell-1 Wang et al. [51]
Zein/TCH Fereshteh et al. [52]
Poly-l-arginine/dextran/BSA Mercato et al. [53]
CaP/cBMP2/cTGF-β3 Lee et al. [54]

Polymer drug conjugation Resveratrol Wang et al. [55]
Ibuprofen/imidazole Suarez et al. [13]
Dapsone Rojo et al. [15]
PEI/HA/cSOX/cTrio/cRUNX2 Needham et al. [56]

BMP, bone morphogenetic protein; BSA, ovine serum albumin; CaP, calcium phosphate; cBMP, 
bone morphogenetic protein coding gene; cRUNX2, runt-related transcription factor coding gene; 
cSOX, sox-related transcription factor coding gene; cTGF, transforming growth factor coding 
gene; cTrio, trio rho guanine nucleotide exchange factor coding gene; HA, hyaluronic acid; IGF, 
insulin-like growth factor; Nell, protein kinase C-binding protein; PEI, polyethylenimine; rhAC, 
recombinant acid ceramidase; SDF, stromal cell-derived factor; TCH, tetracycline hydrochloride; 
TGF, transforming growth factor; Y27632, 1R,4r-4-((R)-1-aminoethyl)-N-(pyridin-4-yl) cyclohex-
anecarboxamide

L. Rojo
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The load of growth factors as bioactive agent into drug delivery scaffolds  constitutes 
one of the most reproduced systems in the literature for tissue strategies [30]. Among 
others, the family of transforming growth factors TGFβs, insulin growth factor IGFs 
and bone morphogenetic growth factors BMPs have been used more extensively and 
allowed for significant advances both in vitro and in vivo for osteochondral regenera-
tion [57]. On this direction, Gugjoo et al. studied the application of MSCs in laminin 
scaffolds in combination with IGF-1 and TGF-β1 and their enhancing capacity to 
induce healing of osteochondral defects in a rabbit model by protection of synovium 
and decreased chronic inflammation as a consequence of the anabolic effect of IGF-1 
on cartilage matrix synthesis and its bioactivity stimulating stem cell proliferation and 
downregulating inflammatory marker gene expression. In addition, the combination of 
TGF-β1 stimulated new matrix synthesis by hMSCs via initial cell–cell interactions 
impairing the formation of hyaline cartilage instead of fibrocartilage in comparison 
with growth factor-free laminin-based scaffolds [43]. Similar findings were reporting 
by Luo and colleagues where mechano growth factor (MGF), an analogue to IGF-1, 
together with TGF-β3 were loaded into sponge-like silk fibroin scaffolds to enhance 
cartilage repair, synergically activated by directed differentiation of endogenous stem 
cells and inhibited fibrosis, indicating the facilitation of cartilage regeneration [44]. 
This dual growth factor controlled release strategy was studied recently by Lu et al. to 
deliver IGF-1 and BMP-2 using a bilayered oligo(poly(ethylene glycol) fumarate) 
(OPF) hydrogel for the evaluation of degree of subchondral bone and osteochondral 
tissue repair. Interestingly, this system led to an increase in bone mineral density, per-
cent bone volume and intersection surface and a decrease in bone-specific surface. In 
addition, delivery of both growth factors in separate layers had a synergistic effect on 
subchondral bone repair but not on cartilage repair, in an osteochondral defect [45].

 The identification of new signalling pathways for cartilage formation has per-
mitted the isolation and application of alternative growth factors with synergic bio-
activity. It is important to highlight that, in order to preserve the biostability and 
function of this new morphogens during the scaffold fabrication and implantation 
time it is very often necessary, if not always, to load these molecules in combination 
with delivery vehicles, protective shells or stabilizing polymer conjugates. In this 
sense, Wang and col. have recently developed oriented and large-sized scaffolds by 
two-phase electrospinning nanofibers of PLLA incorporating chitosan nanoparti-
cles loaded with Nell-1 growth factors for mimicking the oriented structure of native 
articular cartilage as well as protect Nell-1’s bioactivity. Released Nell-1 from the 
scaffolds showed bioactivity protection effects by chitosan nanoparticles in the pro-
cess of electrospinning and their function as two-skin layers enhancing hMSCs 
chondrogenic differentiation, extracellular matrix production and cartilage regen-
eration with fewer side effects [51].

From a regenerative point of view, damaged osteochondral interphase can be dif-
ficult to heal once the inflammatory body reactions have been triggered around the 
affected zone. Indeed, the control of inflammation by local delivery of disease- 
modifying osteoarthritis drugs such as matrix metalloproteinase inhibitors, immu-
nomodulators, ROS scavenger species and conventional anti-inflammatory drugs is 
considered as one of the first actions to take for slow progress of the cartilage 
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 degradation and facilitate the recruitment of chondroprogenitors and matrix deposi-
tion on the affected area. However, only few scaffolds for cartilage repair reported 
anti- inflammation properties. Kim and collaborators reported the fabrication of an 
efficient bioengineered porous silk-based scaffolds with different concentrations of 
curcumin as anti-inflammatory bioactive molecule with the capacity to maintain 
cell phenotype of chondrocytes and promote the formation of cartilaginous matrix 
[46]. In a similar way, Zhou and collaborators have developed silk-based scaffold 
loaded with chondroitin sulphate with anti-inflammatory effects both in vitro and 
in vivo, promoting the inherent cartilage regeneration in an animal model [47]. Hen 
et al. also demonstrated the healing of osteochondral defects capacity from radially 
oriented channel collagen scaffold laden with anti-inflammatory and bioadhesive 
components such as chondroitin sulphate, in combination with SDF-1 growth factor 
promoting the formation of normally functional cartilage by inhibition expression 
of matrix hydrolysing enzymes related with inflammation such as Col1 and MMP13 
[48]. Likewise, Wang and collaborators fabricated anti-inflammatory resveratrol- 
loaded scaffold that eventually offered a protective effect on chondrocytes and 
BMSCs in a traumatic ROS environment and high efficiency for repairing osteo-
chondral defects in rabbits being absent of cells and growth factors. The drug was 
conjugated into a macromolecular system in order to improve its water solubility 
and compatibility with collagen scaffold showing a compressive strength compara-
ble to normal cartilage and a slow degradation rate promoting the sustained release 
capacity of Res without promoting foreign body reaction after implantation into the 
osteochondral defect created on rabbit models [55].

Other authors have included specific chondrocyte target proteins into delivery 
scaffolds to test the efficacy and wound-healing capabilities. Frohbergh and col-
laborators used commercial Bio-Gide collagen scaffolds loaded with recombinant 
acid ceramidase (rhAC) into osteochondral defects created in Sprague-Dawley rats. 
The results showed that these scaffolds provided a better quality repair in vivo and 
demonstrate the positive effects of rhAC treatment on chondrocyte growth and phe-
notype revealing the in vivo effects of the treated cells with rhAC on cartilage repair 
[49]. Encapsulating proteins like zein, a class of the main storage proteins with 
pharmaceutical applications, have been also used for vehiculization and controlled 
release of active additives or drugs. Fereshteh et al. developed a novel type of drug 
delivery scaffold based on poly(ε-caprolactone) (PCL) and zein blends with ori-
ented microtubule structure via improved unidirectional freeze-drying method and 
loaded with tetracycline hydrochloride (TCH). The effectiveness of the scaffolds for 
osteochondral defect regeneration was evaluated by means of tuning the composi-
tion and tubule orientation in column-like pores, and it was found that the protein 
release from the aligned scaffold occurs in a more controlled manner and TCH 
released in a more sustained and controlled manner as compared to the PCL scaf-
fold without zein. Thus, due to the especial pore architecture of the PCL/zein 
 scaffold, these scaffolds were found suitable for bone and cartilage tissue engineer-
ing applications, including osteochondral defect regeneration [52].

Mercato et  al. have evaluated the regenerative capacity of multifunctional 
microcapsule- integrated scaffolds for controlled delivery of bioactive molecules. 

L. Rojo
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Three different polyelectrolyte multilayer microcapsules made from poly-l- arginine 
were prepared by a simple method based on freeze-drying and layer-by-layer encap-
sulating cationic (bovine serum albumin labelled with fluorescein) or anionic (dex-
tran-rhodamine and dextran-fluorescein) microcapsules into their cavities. The 
applied procedure allowed engineering porous 3D collagen scaffolds with protein- 
loaded microcapsules while preserving both the scaffold and microcapsule struc-
tures and their suitability for soft tissue engineering applications [53]. Furthermore, 
Hung et  al. developed water-based polyurethane 3D-printed scaffolds with con-
trolled release of encapsulated growth factor TGFβ3 and drug Y27632 (Y27632: an 
inhibitor for rho-associated coiled-coil-containing protein kinase (ROCK) 1R,4r)-4-
((R)-1-aminoethyl)-N-(pyridin-4-yl) cyclohexanecarboxamide, C14H21N3O) for cus-
tomized cartilage tissue engineering. The multicomponent bioactive compounds 
showed timely release from the scaffolds without requiring pre-wetting for cell 
seeding, thus avoiding the need of giving any exogenous inductive medium being 
very effective in regenerating rabbit cartilage defect [50].

Other tissue engineering strategies aimed to drive the regenerative process by 
including delivery systems of DNA encoding transcription factors which can be 
transported within polymeric vehicles to the desired site of action [14]. Needham 
and collaborators demonstrated that the regenerated cartilage tissue can be enhanced 
by local delivery of DNA vectors for gene encoding transcription factors SOX trio 
and RUNX2. These vectors were complexed with the branched poly(ethylenimine)-
hyaluronic acid and loaded within porous bilayered hydrogel scaffolds made from 
oligo[poly(ethylene glycol) fumarate] for implantation directly in an osteochondral 
defect. This combination has been found very promising and resulted in greater tis-
sue generation and quality, especially in the bone layer, demonstrating the ability to 
apply polymeric gene therapy and transcription factors in vivo [56]. Furthermore, 
Lee and collaborators demonstrated the capacity of 3D enzymatic-cross-linked 
bilayer composite scaffolds to promote prolonged transgene expression and stimu-
lation of hMSCs differentiation into the osteogenic and chondrogenic lineages and 
their effect to accelerate healing process for osteochondral tissue regeneration by 
spatial control release of TGF-β3 and BMP-2 coding plasmids loaded into a non- 
viral gene carrier nanoparticles [54].

13.5  Conclusions

Despite the vast advances achieved in regenerative medicine, the consistent repair 
of articular cartilage at osteochondral interphases still remains a significant scien-
tific and clinical challenge. However, recent developments based on multidisci-
plinary approaches with significance in tissue engineering therapies for 
musculoskeletal disorders are beginning to address many of the major clinical limi-
tations. Along this chapter, it has been discussed the progress in the last 3-year period 
giving special attention to innovative developments on stratified multiphasic, drug 
delivery scaffolds with the capacity of mimicking the hierarchical microstructure 
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and composition of the native osteochondral tissue. Indeed, it is clear that the future 
trends on osteochondral regenerative strategies will be driven by developments on 
materials sciences by means of engineering biomimetic systems based on synthetic 
polymers and natural existing biomacromolecules such us collagen, gelatine and 
hyaluronic acid in combination with the spatiotemporally delivery of multiple bio-
active cell signalling molecules, morphogens and disease-modifying drugs aimed to 
provide in a single treatment the appropriate 3D milieu with tuned cascade of bio-
chemical signals and controlled anti-inflammatory and inmunomodulative pharma-
cological properties to promote mesenchymal chondroprogenitors to orchestrate a 
complete articular cartilage and osteochondral tissue regeneration.
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Chapter 14
Osteochondral Angiogenesis and Promoted 
Vascularization: New Therapeutic Target

Luis García-Fernández

Abstract The control of the different angiogenic process is an important point in 
osteochondral regeneration. Angiogenesis is a prerequisite for osteogenesis in vivo; 
insufficient neovascularization of bone constructs after scaffold implantation 
resulted in hypoxia and cellular necrosis. Otherwise, angiogenesis must be avoided 
in chondrogenesis; vascularization of the cartilage contributes to structural damage 
and pain. Finding a balance between these processes is important to design a suc-
cessful treatment for osteochondral regeneration. This chapter shows the most 
important advances in the control of angiogenic process for the treatment of osteo-
chondral diseases focused on the administration of pro- or anti-angiogenic factor 
and the design of the scaffold.

Keywords Angiogenic factors · Neovascularization · Osteochondral angiogenesis · 
Biomaterials · Osteochondral regeneration

14.1  Introduction

Osteochondral tissue presents a very complex morphology that result in the devel-
opment of complex treatments. On one side, articular cartilage is an avascular tissue 
that lines the ends of bones in diarthrodial joints, serves to support and acts as a 
shock absorber, and facilitates joint’s motion in low friction [1]. On the other side, 
the bony layer is comprised of a variety of cell population, inorganic compounds, 
extracellular matrix (ECM), and other components designed to provide mechanical 
support to the body [2]. The osteochondral tissue comprises the interface between 
the bone and cartilage and is a gradual transition in which the key constituents of 
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each tissue undergo an exchange in predominance. The structure of the osteochon-
dral joint could be defined in four different regions (Fig. 14.1):

 – Superficial zone: This is incompressible tissue with a high-water content. The 
collagen fiber is oriented parallel to the joint surface and presents few chondro-
cytes with low metabolic activity [3].

 – Intermediated zone: This zone is mainly composed of proteoglycans. The chon-
drocytes in this region assume a more spheroidal morphology, suggesting a more 
dominant role in the ECM synthesis [4, 3].

 – Deep zone and calcified cartilage: This area is where the transition from soft to 
stiff occurs. In the deep zone, the collagen fibers align perpendicular to the joint 
surface. The calcified cartilage is responsible for attaching to the subchondral 
bone [3].

 – Subchondral bone: This is composed of the bony lamella and the trabeculae. The 
trabecula is the only vascularized area in the osteochondral joint and contains 
nutrient for both itself and the adjacent articular cartilage [5, 6].

The promotion of angiogenesis (the growth of new blood vessels from the preexist-
ing ones [7]) in the subchondral area is an important point in the nutrition of the entire 
osteochondral tissue. Oxygen consumption and nutrient diffusion occur within the car-
tilage via perfusion at the articular surface [8]. Continual nutrition of the cartilage is 
essential to remain functional and to avoid degeneration. One of the principal problems 
in the osteochondral angiogenesis is the invasion of new blood vessels from the 

Fig. 14.1 Osteochondral tissue structure
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 subchondral bone to the usually avascular cartilage. The vascularization of the articular 
cartilage may potentiate the ossification and innervation of the deep and intermediate 
zone implying a joint damage and increasing pain [9]. The interface located between 
the hyaline cartilage and the subchondral bone acts as a barrier preventing the invasion 
of vessels from the bone. For these reasons, a good design of the scaffold and a good 
control of the angiogenesis are the key points in osteochondral regeneration. In this 
chapter, we are going to describe the latest advanced in osteochondral control of 
angiogenesis.

14.2  Angiogenesis in Osteochondral Environment

Oftentimes, the scaffolds used in osteochondral regeneration do not offer enough 
support to regenerate the bone and cartilage. In addition, the cartilage-subchondral 
bone interface presents a fragile balance between anti-angiogenesis and angiogen-
esis. It is possible to differentiate two different areas [10]:

 – The cartilage area (superficial zone, intermediated zone, and deep zone): This is 
an anti-angiogenic area. The expression of anti-angiogenic protease inhibitors 
and chondromodulin-I (ChM-I) makes the cartilage avascular and resistant to 
vascular invasion [9, 11]. Low levels of ChM-I can derive in vascular invasion at 
the cartilage-subchondral bone and, in consequence, in the development of 
osteoarthritis [12].

 – The bone area (subchondral bone and bone): The bone is a living tissue, and the 
presence of angiogenesis is critical for bone reconstruction. Different growth 
factors, such as vascular endothelial growth factor (VEGF), basic fibroblast 
growth factor (bFGF), endothelin-1 (ET-1), and others, play an essential role in 
the promotion of angiogenesis [13].

Our body naturally presents the different growth factors needed for osteochon-
dral repair; however, the natural concentration is too low to regenerate a damage; for 
this reason, in tissue engineering, it must be used with a higher concentration to 
achieve their goal and the correct factors to avoid undesirable results [14, 15].

14.2.1  The Control of Angiogenesis and Differentiation 
in the Cartilage Area

The modulation of the angiogenesis in this area is an important point but also the 
modulation of cell differentiation by the use of growth factors.

14 Osteochondral Angiogenesis and Promoted Vascularization: New Therapeutic Target
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14.2.1.1  Gene Therapy

Different authors have investigated cell-based anti-angiogenic gene therapies for 
inducing overexpression of different anti-angiogenic factors. Some of these factors 
are described below.

Chondromodulin (ChM) ChMs are cartilage-derived growth factors formed by 120 
amino acids, including ChM-I, ChM-II, and ChM-III. The most important is ChM-I 
that can act as an angiogenesis inhibitor and stimulate the chondrogenesis [16]. 
Recent studies showed that the use of mesenchymal stem cells transfected to over-
express ChM-I seeded on scaffolds of PLLA/chitosan can promote chondrocytes 
growth and inhibit vascular endothelial cell invasion [16, 17].

Endostatin Endostatin is a 20 kDa proteolytic fragment of type XVIII collagen that 
inhibits endothelial cell proliferation and migration and promoted anabolic activity 
in the cartilage [18, 19]. Jeng et al. transfected MSC to overexpress endostatin and 
seeded in different covalently cross-linked collagen hydrogels. Endostatin expressed 
in the cells has the capacity to interact with the glycosaminoglycan (GAG) [20]. The 
inhibition of GAG induces a decrease in the angiogenic process because they are 
necessary to activate VEGF-induced angiogenesis.

Soluble fms-like tyrosine kinase 1 (sFlt1) receptor sFlt1 is a soluble receptor of 
VEGF. The overexpression of soluble VEGF receptor enhanced cartilage regenera-
tion in osteochondral defect models [21]. Marsano and coworkers used bone 
marrow- derived mesenchymal stromal/stem cells (MSCs) transduced with a retro-
viral vector to express sFlt1. The overexpression of VEGF receptors improved the 
persistence of the repaired articular cartilage by preventing vascularization and 
bone invasion into the repaired articular cartilage [22].

14.2.1.2  Anti-angiogenic Drugs

The angiogenic process involves the infiltration of mononuclear cells and several 
growth factors, such as VEGF, which are powerful chemoattractant for this kind of 
cells. This aspect underlines the importance to control the signaling of VEGF in the 
cartilage area. The use of gene therapy (like in the case of ChM or sFlt1) has several 
limitations in terms of direct clinical translation [23]. To avoid this problem, the use 
of a biomaterial-based anti-angiogenic drug-release system could provide an appro-
priate environment for the control of angiogenesis [7, 24]. Centola et al. developed 
a hyaluronan-/fibrin-based porous scaffold that was functionalized by the incorpo-
ration of the anti-angiogenic drug bevacizumab (currently used as an anti- angiogenic 
therapeutic drug in the treatment of metastatic colorectal cancer, metastatic kidney 
cancer, and glioblastoma) [25]. Bevacizumab is a humanized monoclonal anti- 
VEGF antibody that binds to human VEGF. The results obtained by Centola and 
coworkers suggested that blocking angiogenesis supports the formation of a 
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long-term stable engineered cartilage, as it effectively preserves its avascular nature 
and prevents its resorption [25]. Another typical anticancer drug that can be used as 
anti-angiogenic drug for osteochondral defects is suramin [26]. Hunziker et  al. 
incorporated suramin in different ways into fibrin scaffolds. Some scaffolds were 
loaded with free suramin, and others were loaded with liposome-encapsulated sura-
min to obtain a delayed-release system. The scaffolds were partially effective in 
suppressing bone tissue upgrowth into the cartilaginous defect space when present 
in a free form alone, but for the liposome-encapsulated suramin, the cartilaginous 
compartment of most defects (69%) contained no bone due to the inhibition of the 
neovascularization [27].

14.2.2  The Control of Angiogenesis in the Bone Area

The neovascularization of this area is a critical point for a correct regeneration of the 
bone. In the last years, physical architecture (microchannel, interconnected pores, 
etc.) was used as initiator for cellular infiltration, but this alone did not induce 
angiogenesis [28]. The presence of proangiogenic stimulus is necessary for a cor-
rect and complete vascularization of the bone area. There are different ways to con-
trol the angiogenic process: the classical method implies the use of growth factors 
(i.e., VEGF, bFGF) to promote the angiogenesis, but recent studies also showed that 
the use of inorganic cations can stimulate the angiogenic process.

14.2.2.1  Vascular Endothelial Growth Factor (VEGF)

It is a potent mitogen and angiogenic factor for endothelial cells. Normally, VEGF 
is highly expressed on chondrocytes, during osteoclast differentiation, and in hema-
topoietic and endothelial cells [29–31]. VEGF activity is not only focused on the 
activation of angiogenic process; recent studies suggested that VEGF is also 
involved in the regulation of osteoblast differentiation at early stages of bone devel-
opment [32, 33]. VEGF has a short half-life of 6–8 h; the preparation of VEGF- 
loaded scaffolds to control the delivery of VEGF is required to ensure the sustained 
activity. The use of natural polymers to prepare scaffold for VEGF delivery, such as 
PLGA, is a common way to prepare scaffold for bone treatment [34]. García and 
coworkers have developed new integrin-specific hydrogels functionalized with 
VEGF for vascularization and bone regeneration. Maleimide-functionalized four- 
arm PEG macromer was functionalized with recombinant human VEGF and cross- 
linked using the bi-cysteine peptide. In this case, VEGF-modified hydrogels 
increased vascularization compared to VEGF-free hydrogels [35]. However, the use 
of VEGF alone does not yield optimal bone regeneration; the limitation of mono-
therapy with VEGF therapy has been verified in different studies. Kastern et  al. 
studied angiogenesis and bone formation on platelet-rich plasma and VEGF- 
transfected mesenchymal stem cells. Platelet-rich plasma is a mixture of different 

14 Osteochondral Angiogenesis and Promoted Vascularization: New Therapeutic Target



320

growth factors (VEGF, platelet-derived growth factor (PDGF), TGF-β1, TGF-β2, 
insulin-like growth factor (IGF), epidermal growth factor, and endothelial cell 
growth factor), and in this research, Kastern concluded that while VEGF was suffi-
cient to improve revascularization, a combination of growth factors led to better 
bone repair compared to VEGF alone [36]. 

14.2.2.2  Fibroblast Growth Factor Basic (bFGF)

bFGF is a member of FGF family. It is produced by fibroblasts, endothelial cells, 
and osteoblasts [37] and plays an important role in the induction of angiogenesis 
and mitogenesis of osteoblasts [38]. Like VEGF, the effectiveness of bFGF is asso-
ciated to its dosage and release kinetics. The encapsulation of the growth factors in 
microspheres to control the delivery is a common way to control the dosage. Perets 
et  al. design a scaffold of sodium alginate embedded with bFGF-loaded PLGA 
microspheres [39]. In these conditions, the release rate of bFGF from the alginate 
composite scaffolds was constant and promoted angiogenesis in vivo.

14.2.2.3  Combination of Growth Factors

The use of two or more growth factors is due to the complexity of angiogenic signal-
ing pathways and the difficulty to find an appropriate release rate and dosage of 
single growth factor to achieve a correct angiogenic process. VEGF in particular 
showed their potential to promote therapeutic angiogenesis, but the vessels induced 
frequently display morphological and functional abnormalities [40, 41]. Therefore, 
the combination of different growth factors, like PDGF, with VEGF improves the 
neovascularization process [42]. Table 14.1 presents a description of some relevant 
studies for osteochondral regeneration.

14.2.2.4  Inorganic Cations

Many trace elements such as Mg2+, Si4+, Sr2+, Zn2+, and Na+ are also present in the bone 
mineral [50, 51]. In many cases, the use of these cations in the scaffold structure 
revealed high mechanical properties and improved biological responses [52–54]. In 
human physiology, magnesium and silicon play a vital role in stabilizing protein struc-
tures, modulating cell proliferation, and improving bone formation [53, 55]. In recent 
studies, Mg2+ and Si4+ revealed their capacity to induce neovascularization in combina-
tion with other cations [54, 56–58]. Tarafder et al. studied the effect of Sr2+- and Mg2+-
doped tricalcium phosphate scaffolds on the promotion of angiogenesis in vivo. The 
presence of Sr2+ and Mg2+ in combination with a porous structure increases the neovas-
cularization of the scaffold in comparison with the scaffolds without the cations [54]. 
Fielding and Bose investigated SiO2 and ZnO as dopants in three-dimensionally printed 
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tricalcium phosphate scaffolds. Samples containing SiO2/ZnO presented higher blood 
vessel formation with larger vessels and more complex vessel formation [56].

Due to the substantial evidence from literature on the positive effect of Mg2+ and 
Si4+, Bose et al. examined the influence of both cations in 3D-printed TCP scaffolds 
(3DP). Figure 14.2 shows von Willebrand factor (vWF)-stained tissue sections (an 
endothelial cell marker for angiogenesis). TCP scaffolds induced new blood vessel 
formation, but an increase in blood vessel formation, between 3 and 6%, is observed 
in Mg-Si-TCP compared to pure TCP scaffolds. Histomorphometric analysis 
revealed significantly higher blood vessel area formation at early time points for 
Mg-Si-TCP [57]. The effect of these cations over the angiogenic process is due to 
the upregulated expression of receptors of angiogenic cytokines in stem cells when 
they found a high concentration of Mg2+ or Si4+ [59]. Other cations, like Co2+, also 
show proangiogenic activity [60–62]. Co2+ have the capacity to upregulate the 
hypoxia-inducible factor in cells and activate the angiogenic process by creating a 
hypoxia-mimicking condition [62]. Recent studies combined fluoride and cobalt 
into calcium phosphates to obtain a system of antibacterial (fluoride), angiogenic 
(cobalt), and osteogenic (calcium) activities [61, 60].

14.3  Scaffold Designs for Angiogenic Control 
in Osteochondral Tissue

Tissue engineering tries to provide different methods for osteochondral tissue 
regeneration, which has been applied in the reconstruction of many tissues and 
organs. Traditionally, most of the scaffolds used in tissue engineering come from 

Table 14.1 Dual or multiple growth factor delivery systems to promote angiogenesis in 
osteochondral regeneration

Principal 
growth 
factor

Secondary 
growth factor Scaffold composition Biological effect

Reference 
(year)

VEGF PDGF PDLG-loaded PLGA 
microspheres and 
VEGF-dispersed alginate

Elevated vessel density 
and maturity

[42–44]
(2001, 
2007, 2010)

VEGF KGF
PDGF

Hyaluronic acid 
hydrogels

Largest vascularization 
response

[45]
(2010)

VEGF PDGF
TGF-β1

Alginate scaffold Elevated vessel density 
and maturity

[46]
(2009)

bFGF VEGF Freeze-dried collagen 
sponge

Elevated vessel density 
and maturity

[47]
(2007)

PEG hydrogels HUVEC migration and 
vessel formation

[48]
(2011)

BMP-2 VEGF Silk fibroin Synergistic effect on 
bone formation and 
angiogenesis

[49]
(2016)
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natural or bioinspired polymers and are homogeneous in composition [63]. However, 
the use of traditional homogeneous scaffolds in osteochondral regeneration is lim-
ited due to the different properties and requirements of the different strata. Therefore, 
complex scaffolds with different angiogenic properties (and different mechanical 
properties) are required to meet the demands (Fig. 14.3).

Fig. 14.2 Photomicrograph of vWF-stained tissue sections showing blood vessel formation after 
4, 8, and 12 weeks in 3DP pure TCP implants and Mg-Si-doped TCP implants. Arrows indicate 
newly formed blood vessels inside scaffolds. vWF-positive signals are brown with hematoxylin 
counterstaining. (Reprinted from [57] with permission of Springer)

L. García-Fernández



323

14.3.1  Biphasic Scaffolds

The most common strategy to mimic the osteochondral tissue is through biphasic 
materials composed of natural or synthetic polymers and loaded with the needed 
growth factors or drugs to control the angiogenic process [64]. Natural hydrogels 
are the most used materials for the chondral layer and degradable ceramics materi-
als, such as hydroxyapatite or TCP for the subchondral bone phase. Recent studies 
try to design biphasic scaffolds to improve the regeneration of both the bone and 
cartilage. In this way, Sartori et al. designed a bilayered scaffold based on type I 
collagen. Chondral layer was synthesized with type I collagen, and in bone layer, 
magnesium-doped hydroxyapatite (Mg-HA) was coprecipitated into the collagen. 
The presence of magnesium ions promotes the angiogenic process, and the low 
release of this cation did not interfere on the cartilage regeneration [65]. One of the 
problems of promoting angiogenesis is the vascularization and the subsequent cal-
cification of the cartilage area [9]. After stimulation by proangiogenic compounds, 
the blood vessels can grow from the bony area and invade the cartilaginous com-
partment. One of the options to avoid the blood vessel invasion is the use of anti- 
angiogenic compounds as we saw previously [16–25]. Another option that is being 
investigated is the use of a functional barrier at the cartilage-bone interface [66]. 
This functional barrier consists in a cell-excluding membrane that prevents the car-
tilaginous compartment from angiogenic activities. Hunziker et al. studied the use 
of Millipore and Goretex membranes to avoid blood vessel invasion (Fig. 14.3). 
These structural barriers were effective in obstructing the upgrowth of blood vessels 
into the cartilage compartment [66]. However, the appropriate placement of the 
membrane cannot be easily achieved, and vascularization occurs through the space 
between the membrane and defect walls.

An alternative therapeutic approach would be to apply a functional barrier, such 
as an anti-angiogenic substance, which would chemically impede rather than physi-
cally block vascular upgrowth into the cartilaginous compartment [27]. Hunziker 
et al. used in further researches this principle to avoid blood vessel invasion by add-
ing suramin to fibrin-gelatin matrix used in osteochondral regeneration [27].

Fig. 14.3 Different kinds of scaffold designs for osteochondral regeneration
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14.3.2  Multiphasic Scaffolds

Osteochondral tissue is a multiphasic tissue with different properties. Therefore, the 
development of multiphasic scaffolds is a research field in continuous development. 
From the point of view of angiogenesis control, recent studies developed multipha-
sic scaffolds following the idea of the functional barrier to prevent the angiogenic 
process on the chondral layer [67–69]. Levingstone et al. developed a multiphasic 
scaffold based on collagen mixed with other compounds depending on the layer 
(hydroxyapatite for the bone layer, different kinds of collagen and hydroxyapatite 
for the intermediate layer, and hyaluronic acid for the cartilage layer). The inclusion 
of the intermediate layer promoted the formation of a tidemark that restricted the 
formation of bone and vessel to the subchondral region [67, 70, 68].

The functional barrier effect could be enhanced by the addition of proangiogenic 
factors to the bony layer. Kon et al. developed a triphasic scaffold, mimicking the 
whole osteochondral anatomy. The mineral phase consists of a mineralized blend of 
type I collagen and Mg-doped hydroxyapatite (MG-HA). The cartilaginous layer, 
consisting of type I collagen and the intermediate layer, consists of a combination 
of type I collagen and Mg-HA [71]. Currently, this scaffold is commercially avail-
able with the name of MaioRegen®.

14.3.3  Gradient Scaffolds

Continuous gradient scaffold is the principal alternative to bilayer and multilayer 
scaffold. The possibility to display systematic gradients in distribution of angio-
genic or anti-angiogenic factors provides additional means for mimicking the varia-
tions observed in native tissues. A scaffold with a gradient of angiogenic factors can 
be designed by immobilization of the molecules to the polymer network or design-
ing delivery systems to provide spatially distinct cues [72].

Mohan et al. design a scaffold with simultaneous gradient of both bioactive sig-
nals (growth factor) and material composition [73]. In this study, different growth 
factors were encapsulated in PLGA, PLGA-HA, and HA microspheres. The scaf-
fold was prepared pumping suspensions of different particles at controlled flow 
rates over a filter. In this way, the particles remain on the filter until a height of 3 mm 
[73, 74].

Another way to obtain spatial regulation of controlled bioactive factor is by 
nano-patterning using irradiation [75]. In this way, Wylie et al. designed a system in 
which FGF-2 was photochemically patterned in three-dimensional scaffolds. 
Agarose hydrogels were modified with two-photon labile 6-bromo-7- 
hydroxycoumarin-protected thiols. After two-photon irradiation, FGF-2 was immo-
bilized through disulfide bonds between free cysteine groups present on FGF-2 and 
agarose-thiol groups (Fig. 14.4) [76].
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The amount of immobilized FGF-2 was dependent on the number of laser scans; 
this allows the creation of a spatial concentration gradient of growth factors along 
the scaffold.

14.4  Conclusion and Future Trends

The control of the different angiogenic process through osteochondral regeneration 
will generate a better integration and reinforcement of the scaffold, but an uncon-
trolled angiogenic process can produce some problems like the vascularization and 
calcification of the cartilage. From the point of view of the angiogenesis control, it 
is possible to differentiate two zones: the cartilage area, which is an avascular area 
(in consequence, neovascularization should be avoided), and the bone area, where 
the promotion of angiogenesis improves the integration and the production of bone 
tissue.

The complexity of the osteochondral tissue makes the scaffold design for angio-
genic control really complicated. The research on biphasic, multiphasic, or gradient 
scaffolds and the spatiotemporal release of activator or inhibitor angiogenic com-
pounds is under continuous development.

The future of osteochondral angiogenesis will depend on the research develop-
ment in different directions. The combination of different proangiogenic compounds 
or pro- and anti-angiogenic compounds in the same scaffold should be the starting 
point for future research, trying to find the best combination and the optimal 

Fig. 14.4 3D immobilization of FGF-2 to agarose through disulfide bonds. (A) Schematic dia-
gram demonstrating the 3D photodeprotection of thiols in agarose-thiol-Bhc gels for the coupling 
of FGF-2. (B) FGF-2 was immobilized to agarose-thiol through disulfide bonds. Thiols are depro-
tected by two-photon excitation of coumarin (740 nm), which subsequently forms disulfide bonds 
with free cysteines on FGF-2. (Reprinted and adapted with permission from [76]. Copyright 2011 
American Chemical Society)
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 spatiotemporal distribution. The application of new methodologies, like 3D print, 
opens a wide range of opportunities due to the possibility to prepare scaffolds on 
demand with the desired physical properties and distribution of pro- or anti-angio-
genic factors. All of these fields of research will grow further in the future and will 
expand the application of these systems to unforeseen fields.
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Chapter 15
Models of Disease

Gema Jiménez, Elena López-Ruiz, Cristina Antich, Carlos Chocarro-Wrona, 
and Juan Antonio Marchal

Abstract Osteochondral (OC) lesions are a major cause of chronic musculoskele-
tal pain and functional disability, which reduces the quality of life of the patients 
and entails high costs to the society. Currently, there are no effective treatments, so 
in vitro and in vivo disease models are critically important to obtain knowledge 
about the causes and to develop effective treatments for OC injuries. In vitro models 
are essential to clarify the causes of the disease and the subsequent design of the first 
barrier to test potential therapeutics. On the other hand, in vivo models are anatomi-
cally more similar to humans allowing to reproduce the pattern and progression of 
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the lesion in a controlled scene and offering the opportunity to study the symptoms 
and responses to new treatments. Moreover, in vivo models are the most suitable 
preclinical model, being a fundamental and a mandatory step to ensure the success-
ful transfer to clinical trials. Both in vitro and in vitro models have a number of 
advantages and limitation, and the choice of the most appropriate model for each 
study depends on many factors, such as the purpose of the study, handling or the 
ease to obtain, and cost, among others. In this chapter, we present the main in vitro 
and in vivo OC disease models that have been used over the years in the study of 
origin, progress, and treatment approaches of OC defects.

Keywords Osteoarthritis · Osteochondral defects · Disease models · In vitro 
models · In vivo models

Highlights
• Disease models are essential to understand the pathology of OC defects and to 

guide the development of new therapeutic approaches.
• In vitro disease models are easy handling and least expensive of OC lesions. 

These models allow to reproduce the disease conditions in controlled conditions, 
suitable to elucidate the molecular mechanisms and pathways involved in the 
pathology.

• In vivo disease models give the possibility to obtain a more accurate idea of the 
naturally occurring OC defects. These models are the previous step before the 
clinical trials of new therapeutic interventions. It is important to select the in vivo 
model most suitable to the purpose of the study in order to transfer the data 
obtained to the human.

15.1  Introduction

Osteochondral (OC) lesions can originate from diverse causes, varying from trauma- 
related lesions to naturally occurring degradation that involve the degeneration of 
articular cartilage, subchondral bone, and the OC tissue complex [103]. Osteoarthritis 
(OA) is the major cause of natural OC lesions. It is a chronic and degenerative 
disease of the articular joint involving the bone, synovium, cartilage, ligaments, 
tendon, meniscus, and periarticular muscle [34]. Moreover, OA is a disease that 
decreases the patient’s quality of life and that entails important socio-economic 
impact [35, 54]. The proportions of people suffering symptomatic knee OA are 
likely to increase due to the aging of the population and the high rate of overweight, 
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expecting that OA incidence will rise in the near future and at least 40% of patients 
aged above 65 years will be affected [74]. Depending on the severity of the lesion, 
there are different OA treatment options: microfractures, mosaicplasty, autologous 
chondrocyte implantation (ACI), matrix-induced autologous chondrocyte implanta-
tion (MACI), and, ultimately, prosthesis.

Although these current treatments increase the patient’s quality of life and reduce 
pain, the lack of regenerative potential restricts the full healing of articular cartilage 
[87]. In addition, it has not yet developed disease-modifying anti-OA drugs 
(DMOADs) with enough safety properties and efficacy to its use in the clinical 
ambit [9, 62]. The main cause for this shortcoming is in part due to the poor 
knowledge of the mechanisms involved in the initiation and progression of the 
pathology. To overcome these limitations, experimental models of the disease can 
be very useful to reproduce such complex processes and to gather insights about 
tissue development and regeneration of OC lesions. In this sense, several approaches 
have been addressed to study the development of OC tissue, the evolution of OC 
lesions, and potential treatments.

In order to study cartilage or bone tissue development, and also strategies to 
induce chondrogenesis or osteogenesis differentiation, setting up the proper 3D cell 
culture model could help to elucidate the underlying mechanisms that influence 
cellular interactions, morphogenetic events, and the deposition of the extracellular 
matrix (ECM). Among these models, three main types have been developed: high- 
density micromass cultures, cell pellet cultures, and 3D cell cultures on biomaterial 
scaffolds. High-density micromass culture method and pellet culture system have 
been widely applied to analyze the regulation of cellular condensation and 
differentiation [110], the maturation of cartilage analogue [112], as well as cartilage 
hypertrophy [13] and calcification [66]. On the other hand, many natural and 
synthetic biomaterials such as sponges, fibrils, or hydrogels have been tested to 
generate scaffolds for the support of cartilage and bone formation. Among the most 
widely used synthetic polymers, poly(glycolic acid) (PGA), poly(lactic acid) (PLA), 
and poly(ε-caprolactone) (PCL) [107] present better properties. Regarding natural 
polymers, collagen type I and chitosan are the most commonly used to form rigid 
3D structures [84]. Further, the addition of growth factors allows to create the most 
appropriate and close to natural molecular environments that enables to develop the 
experimental models of OC disease as suitable as possible [39, 96].

Although the development of in vitro models is essential, to deal with the OC 
lesions or defects, it is necessary to use in vivo models of disease to understand 
how the disease develops and testing potential treatment approaches. In this 
chapter, we present the main in vitro and in vivo OC disease models that have 
been used over the years in the origin, progress, and new treatment approaches 
(Fig. 15.1). We address the different options offered by both models, making a 
review of the advantages and limitations of each model and the possibilities 
offered according to the study to be carry out. In addition, this review also covers 
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the role of potential OC disease models as preclinical studies and the require-
ments that the regulatory rules establish.

15.2  In Vitro Models

In vitro models are based on simulation of the OC intra-articular environment in 
cellular cultures through the effect of diverse factors, such as the action of pro- 
inflammatory molecules or mechanical loads among others. These models are 
characterized by being easier to manipulate and less expensive because they 
require less time to be carried out. Currently, there are a great number of in vitro 
OC disease models that can be broadly grouped according to the specimen, either 
cell cultures, 3D cultures, or ex vivo tissues. In this context, it is possible to find 
descriptive models to detect specific pathological hallmarks and functional mod-
els to elucidate the molecular mechanisms and pathways involved in pathophysi-
ology [41].

In this chapter, in  vitro disease models have been classified into 2D and 3D 
depending on how the culture is performed (Fig. 15.1).

Fig. 15.1 Osteochondral disease models. The schematic shows the different options of in vitro 
and in vivo models available for studying OC defects
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15.2.1  2D Models

One of the classic in vitro models to study OC disease is monolayer cell culture. 
This model can be developed from primary or immortalized cell lines, and together 
with its easy availability, management and expansion capacity make it the most 
widely used [17, 77, 106]. Given that cartilage destruction is one of the most 
common characteristics of OC diseases such OA, the first model option is 
chondrocyte culture. It has been used to perform comparative studies between cells 
derived from healthy and pathological tissue, allowing the identification of new 
factors that could participate in the disease development [3, 5, 33, 92]. Moreover, 
chondrocyte culture has enabled the investigation of the mechanisms that underlie 
OC-related diseases and the role of associated factors such as mechanical stress, 
inflammation, or susceptibility genes. In order to induce OC monolayer model and 
exploration of subsequent effect, mechanical loading [101], cytokine stimulation 
[77, 119], or candidate genes alterations (via loss- or gain-of-function mutations) 
are used [88, 121].

Although monolayer cultures are the main way to research on this field, chondro-
cyte culture instability offers the possibility to study them without inductive stimuli 
requirement, since the changes that occur during dedifferentiation are very similar 
to those occurring naturally in the disease. Otherwise, deregulation of bone homeo-
stasis can also lead to several OC diseases [59, 81]. Hence, in OA there is a debate 
about whether it begins in the cartilage or in the subchondral bone component. 
Therefore, in vitro model based on osteocyte culture has also been used to study 
bone remodeling in such diseases. As chondrocyte cultures, comparative studies 
have been performed between osteocytes derived from healthy and pathological 
tissue to identify disease hallmarks and new factors involved in bone remodeling 
[93]. Also, it has been analyzed the roles of mechanical load and cytokines in such 
process [82, 111] .

Recognizing that OC disease affects and involves the interaction between multiple 
tissues [9], models have been developed based on cellular coculture in monolayer. This 
model has enabled to contemplate in  vitro molecular and cellular interactions that 
could mean key mechanisms to disease development. First attempts have used chon-
drocytes-osteoblasts coculture exposed to certain factors (cytokines or mechanical 
stress) or co-cultives in which some of its cellular components derived from pathologi-
cal tissue [55, 94]. Currently, synovium-cartilage cocultures are being employed as 
models to elucidate the role of the synovium in some OC disease or, alternatively, as a 
method to reproduce in vitro complexity of the pro- inflammatory cascade, because 
synovium is the primary source of these mediators [6].

Although the 2D culture models previously described have been suitable for 
exploration of particular aspects of diseases, it is well known that cell behavior in 
2D is often not a representative of what occurs in physiologically relevant 3D 
contexts. Therefore, it has been required that other models be able to reproduce the 
complexity of pathological in vivo process.
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15.2.2  3D Models

Explant-based models are the first approach to study in vitro OC disease in physi-
ologically 3D contexts. This model is based on isolated OC tissue that will allow to 
assess the response of cells embedded in their natural ECM and elucidate the con-
tribution of different tissues in the joint. On one hand, explants derived from patho-
logical tissue can provide not only analytical data about disease features but also 
visually, as well as data progression (spatial and temporal changes) [92, 99]. On the 
other hand, explants derived from healthy tissue can be used to develop functional 
studies. As in monolayer model, in 3D models the pathogenesis has been easily 
induced by experimentally controlled conditions, such as enzymatic cleavage, 
mechanical load, and cytokine stimuli [16, 21, 41]. However, explant-based models 
also have several drawbacks, such as a limited availability, ethical considerations 
referred to tissue obtaining, and high inter-experimental variability.

Recently, tissue engineering has developed a novel in vitro model that combines 
cell culture and explant-based approaches. This 3D culture system involves both 
scaffolds and cell component organized in a pattern that mimics OC complex. 
Generally, engineered constructs are multiphasic structures that include a stiff, 
porous section containing osteoblasts, corresponding to subchondral bone, and a 
hydrated, viscoelastic section containing chondrocytes referring to cartilage region 
[7]. In some cases, this structure also shows a transitional zone, but this is almost 
always an unexplored phenomenon. In OC disease research, they have been used as 
a model for functional studies that allows to elucidate the pathogenesis and sequence 
of signaling events during disease development and to study potential OA therapeutic 
molecules. However, their use is not yet widespread, due to the difficulties that OC 
unit culture entails. Until now, tissue engineering has attempted to develop an 
in  vitro 3D disease model for OA based on a single-phase construct. In such 
approach, cells from one of OC regions, generally chondrocytes, were cultured 
within hydrogel or scaffolds under disease conditions (inflammation, overload, or 
physical injury) [7, 14, 75], resulting in an increased expression of chemokines, 
cytokines, growth factors controlling ECM remodeling, ossification, and apoptosis.

15.3  In Vivo Models

Animal models are useful to gain knowledge about the causes and progression of 
OC diseases, as well as to develop and evaluate new diagnostic tools and therapeutic 
approaches. The ideal animal model must be as close as possible to humans with 
respect to cartilage and bone characteristics, progression of joint damage and pain, 
diagnosis, and tissue engineering [105]. When animal model is necessary for a 
research, it is recommended to apply the “3R” principles: reduce the number of 
animals used, refine to enhance efficiency of the experimental protocol, and replace 
animal studies with an alternative approach whenever possible [32, 58].
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OC disease animal models are classified in small and large animals. Small 
animal models include mouse, rat, rabbit, guinea pig, and zebrafish, and large 
animal models include dog, goat/sheep, and horse. The choice of the animal 
depends on several factors such as the type of study, length of time, costs, easy 
of handling, ability to use routine diagnostic imaging, and outcome measure-
ments (Table 15.1). In general, small animal models are faster, cheaper, and eas-
ier to implement. These models are used to study the pathogenesis and 
pathophysiology as the first screening model. On the other hand, the anatomy of 
large animal models is more similar to humans and is easy for diagnostic imag-
ing. Large animal models are used to study the disease process and treatment, 
generating more clinically relevant data, and are required as preclinical informa-
tion before approval of therapeutic interventions [25, 51].

Nowadays, there are different forms to develop or induce OC defects, which 
include spontaneous models, genetically modified models, and experimentally 
induced models (Fig. 15.1). A major challenge consists in choosing the model that 
is best suited to the study requirements, taking into account that there is not a single 
model that accurately reflects all human aspects [83].

15.3.1  Spontaneous Models

Certain breeds of animals are genetically predisposed to develop naturally OC dis-
eases, for which it has constituted a very suitable spontaneous model. The spontaneous 
OA model is the most represented and studied, since it allows the characterization of 
the OA process at different levels: development, grossly, histological, and biochemical. 
Moreover, it presents an important advantage with respect to other disease models, 
because it permits addressing the changes associated to the disease [122] and studying 
the therapies that prevent the progression [90, 104].

OA spontaneous models include small (mouse, rabbit, and guinea pig) and large 
animal models (dog, nonhuman primates, and horse). Mice models include STR/
ORT, C57Bl/6, and BALB/c strains, which allow to study the genetic subjacent to 
OA development [38]. Moreover, these mice models provide information on diverse 
processes associated with cartilage degeneration, such as the role of inflammatory 
markers, collagen type II degradation, loss of glycosaminoglycans, disturbed 
protein transport, or sugar synthesis [52, 102, 117]. Nowadays, the Dunkin Hartley 
guinea pig has been positioned as the most widely used animal to study spontaneous 
OA model [40]. The studies performed with guinea pig evidenced the role of the 
subchondral bone in the development of the OA, showing that subchondral bone is 
fragile and its ultrastructure changes before the onset of cartilage degeneration [76]. 
Guinea pig spontaneous model has provided other contributions to OA knowledge, 
like alteration of TGF-β signaling [124], collagen type II deposition in cruciate 
ligament before OA [120], the increment of collagen and proteoglycan content prior 
to OA development, and its consequent decrease once OA is evident [114]. Further, 
the potential of new therapies such as RNA interference [95], gene therapy [36], and 
human mesenchymal stem cells [97] has also been evaluated in guinea pig models.

15 Models of Disease



338

Table 15.1 Characteristics of animal models for OC defects

Specie
Skeletal 
maturity Advantages Disadvantages

Mouse 10 weeks Low cost
Easy handling
Transgenic and knockout models 
available
Lesions develop rapidly
Genome sequenced

Thin cartilage
Size limits: (i) tissue and fluid 
collection and (ii) technical and 
image procedures

Rat 12 weeks Low cost
Easy handling
Genome sequenced
Lesions develop rapidly
Zonal structure of cartilage 
comparable to human

Size limits: (i) tissue and fluid 
collection and (ii) technical and 
image procedures

Rabbit 8–9 months Easy handling
Size facilitates (i) tissue and fluid 
collection and (ii) technical and 
image procedures
Lesions develop rapidly

More expensive
Spontaneous healing of cartilage 
lesions
Gait generates different load 
characteristics that impedes 
functional studies

Guinea 
pig

6 months Histopathology and biochemistry 
close to human
Relative easy handling
Size facilitates (i) tissue and fluid 
collection and (ii) technical and 
image procedures

More expensive
Sedentary lifestyle

Dog 9–18 months Relative easy handling
Share with humans: Treatments and 
rehabilitation regime
Size facilitates (i) tissue and fluid 
collection and (ii) technical and 
image procedures

High cost
Ethical considerations

Goat/
sheep

2 years Relative easy handling
Large joint
Biomechanically similar to human
Size facilitates (i) tissue and fluid 
collection and (ii) technical and 
image procedures

High cost
Limitations in oral treatments 
due to ruminant digestive

Horse 2 years Large joint
Large defects similar to human
Biomechanically similar to human
Active lifestyle similar to athletes
Size facilitates (i) tissue and fluid 
collection and (ii) technical and 
image procedures

High cost
Difficult handling

Table adapted from Refs. [22, 25, 70, 106]
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In general, the anatomy of large animal models is more similar to that of humans, 
so that studies of cartilage degeneration and OC defects are much more useful. For 
example, it has been proven that changes in cartilage and subchondral bone in the 
development of spontaneous OA in dogs and nonhuman primates, such as baboons, 
rhesus macaque, and cynomolgus macaque, are very similar to human OA [12, 57, 
85]. However, ethical considerations and the proximity with human have also been 
given as reasons for their exclusion for research. On the other hand, horse articular 
cartilage is the most similar animal model to the human cartilage with similar 
thickness, cellular structure, and biochemical-biomechanical characteristics, 
making it the most suitable and useful translational model [19, 60]. In addition, as 
it happens in humans, the OA in horse is related with the activity and lifestyle [65], 
so the use of horse as spontaneous animal model has contributed to OA knowledge, 
for example, with the development of advanced imaging modalities [43], 
identification of fluid-based biomarkers [18, 109], and bone cysts and osteophyte 
formation as a consequent of bone remodeling [78] in OC defects. Moreover, horse 
model has contributed to find interesting treatments for joint pathology, such as cell 
[47] and gene therapy [20].

15.3.2  Genetically Induced Models

Genetically induced models (or transgenic models) are obtained as a consequence 
of the modification of the genome that can involve the addition or deletion of genetic 
material. This model is useful for studying the function of a specific gene and its 
interaction with others [56]. Genetically modified mice are the most useful and best 
tool for studying the functional role of a particular gene or specific molecule. 
Moreover, they have played a crucial role in understanding specific genetic 
contributions in the development of OC pathologies such as OA [56], 
chondrodysplasia [113], and bone abnormalities [26, 28].

Knockout and/or overexpressed target genes are related with cartilage matrix 
components and matrix degradation, chondrocyte differentiation or apoptosis, bone 
turnover, and/or inflammation [56]. The components of the cartilage ECM are the 
target of principal genetic modifications in the creation of mice models, such as 
mutation or inactivation of collagen type II (Col2a1) [30], collagen type IX (Col9a1) 
[4], aggrecan [30], and COMP [10]. Also, genetically modified models allow to 
study another very important aspect of OC pathogenesis such as the role of matrix- 
related enzymes [68]. The creation of matrix metalloproteinases (MMPs) knockout 
mice permits to investigate the potential in  vivo effect of these enzymes, which 
participate in the normal physiology of connective tissues during development, 
morphogenesis, bone remodeling, and wound healing [80]. Moreover, thanks to 
knockout mice for these enzymes inhibitors, called tissue inhibitors of 
metalloproteinases (TIMPs), it is known that TIMPs lead to develop joint pathologies 
[91]. It has also been successfully demonstrated that ablation of a disintegrin and 
metalloproteinase with thrombospondin motifs (ADAMTS) leads to cartilage 
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degeneration similar to that in OA patients [37, 89]. On the other hand, overexpression 
of cathepsin K in mice models has made known the role of this enzyme in the 
development of osteopenia in the trabecular bone and in the increment of porosity 
in the cortical bone, which leads to OC defects [73].

Recently, zebrafish has been proposed as a potential genetically modified model 
to study skeletogenesis [24, 45] and OA [50]. For instance, a stable transgenic 
zebrafish for collagen type 10a1 promoter that drives GFP reporter expression in 
bone structures provides a useful tool for identifying osteoblast-specific molecular 
pathways [46]. Mitchell et al. describe the expression pattern of six OA susceptibility 
genes in zebrafish larvae (Mcf2l, Gdf5, PthrP/Pthlh, Col9a2, and Col10a1) and the 
generation of two new transgenic lines for collagen type 2a1 and 10a1 [69]. Although 
zebrafish represents a great model to study skeletal development, it presents some 
limitations that mean it will not replace the mammalian models but may complement 
the gap between in vitro models and mice models.

The advantage of genetically modified models is that it is possible to control the 
effect of specific genetic contributions to the pathogenesis; however, these models 
simplify the process by not taking into account other contributing genes in a 
polygenic pathology.

15.3.3  Experimentally Induced Models

Experimentally induced models that involve creation of OC lesions include biome-
chanical and chemical models. These models present the advantage that do not 
require a long waiting time and are less variable compared to genetically induced or 
spontaneous models. Moreover, they are more representative of severe alterations 
than slower or spontaneous changes that occur during the development of early 
stages of OC damage and in OA.

15.3.3.1  Biomechanical Models

Biomechanical models include surgical and nonsurgical models that induce struc-
tural damage and/or instability. As is necessary an adequate number of cell layers 
and complex zonal cartilage structure to mimic the OC lesion, ideal surgical models 
include rodent and non-rodent animal models [8]. A number of different surgical 
procedures are available, among the most used included medial meniscal tear, par-
tial meniscectomy, complete meniscectomy, or anterior cruciate ligament transec-
tion (ACLT). Meniscal injuries have a poor self-healing potential and lead to 
degenerative changes in the knee. Meniscal tears have been commonly performed to 
evaluate the use of cell-load scaffolds to improve the healing and progress of the 
lesion and in order to find methods to decrease the need for partial meniscectomy 
[79, 116]. Medial meniscal tear model can be created after a lateral parapatellar 
arthrotomy, which is performed to identify the medial meniscus where an incision 
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at the middle segment is made [64]. Size and characteristics of meniscal tears 
performed vary depending on the animal used [42, 123]. Partial meniscectomy of 
the injured portion of the meniscus is the most common surgical treatment for 
meniscal tears; however, removal of the meniscus increases contact pressures on the 
cartilage and alters the knee kinematics. Consequently, partial meniscectomy has 
been used as a model to induce OC lesions. Differences in load bearing on the 
menisce exist among each animal model, and, therefore, the site for the surgical 
procedure also varies. Thus, rabbits load their lateral meniscus more than their 
medial, while human and pigs often load the medial site of the knee [51]. Partial 
meniscectomy has been carried out to the medial meniscus of several animal models 
such as rabbit and sheep, in order to analyze histological and/or biochemical changes 
of OC tissue [27]. A similar mechanism of injury is performed in total meniscectomy; 
however, compared to partial meniscectomy, this model results in severe OC lesions. 
Large animals like sheep are often used. For example, Kon et al. performed total 
meniscectomies in six sheep, and after 12 months cartilage damage and exposed 
subchondral bone were observed in all the animals [48].

Anterior cruciate ligament (ACL) injury is common in athletic and youth popula-
tions [100] and constitutes one of the most popular surgery for induced biochemical 
models. Compared to meniscectomy, the ACLT model induces OC lesions that 
progress more slowly. Researchers have used animal models of ACLT to obtain 
information about the early stages of OA to examine the relationship between sub-
chondral bone changes and cartilage degradation and for evaluating pharmacothera-
pies. ACLT has been extensively described in many species, such as rat, rabbit, dog, 
and sheep, being the last the most indicated as it has the closest anatomy to the 
human knee.

Otherwise, chondral and OC defects have been surgically created on articular 
surface of femoral condyles for studying the clinical applicability of scaffolds for 
cartilage and subchondral bone repair [63]. For example, Yan et al. have used the 
rabbit knee critical size as OC defect models to test the OC defect regeneration 
using a bilayered scaffold composed by a silk fibroin layer and another layer of silk- 
nano calcium phosphate [118]. He et al. [29], in order to study the implantation of 
engineered cartilage for tissue-specific repair of OC defects, created two defects 
with a cylindrical shape (10-mm diameter, 4-mm depth) into the subchondral bone 
at the weight-bearing area of the femoral medial and lateral condyles in a swine 
model [29].

Extra-articular procedures could also induce OC lesions; among these proce-
dures ovariectomy (OVX) models are useful to study OC changes associated with 
postmenopausal women. Indeed, it has been demonstrated that OVX induced 
deleterious effects on rat cartilage, leading to an early stage of OA. For this reason, 
OVX models are often used for the study of different antiosteoporotic agents and 
antiresorptive therapies to prevent bone loss and, therefore, cartilage damage [67]. 
On the other hand, physical alteration models have been proposed as induced 
models that do not need any chemical or surgical intervention. The procedure 
consists in the creation of an injury with precision and without causing skin lesions 
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through a mechanical impact. As a result, subchondral bone injury, edema, micro-
fractures, and OA changes are induced [53].

15.3.3.2  Chemical Factors

As another approach to induce OC lesions, experimental structural models have 
used chemical factors by intra-articular administration of chemical agents, which 
induce alteration of the structural components of the joints. One chemically 
established model consists in the use of collagenase. Intra-articular injection of 
collagenase causes the digestion of collagen from the ECM, resulting in degeneration 
of the articular cartilage and changes in other articular structures such as the synovial 
membrane and the subchondral bone [49]. This model has been used for the study 
of histopathological alterations of the knee joint after pharmacologic treatments, 
particularly in mice, rats, and rabbits [1]. For example, in a mouse model, 
histomorphometric analysis and in vivo imaging revealed a high degree of cartilage 
proteoglycan loss after 8 weeks of collagenase injection [31].

Other compounds have been used to create OC injuries at the joint structures. 
Among them, proteolytic enzyme papain, which has been used to degrade 
proteoglycans of joint cartilage, has triggered the digestion of the noncalcified 
cartilage layer [44]. Also, monosodium iodoacetate has been intra-articularly 
injected to induce cell death through inhibition of the enzyme glyceraldehyde-3- 
phosphate dehydrogenase, which disrupts the cellular aerobic glycolysis pathway in 
chondrocytes [11]. Quinolone antibiotics also cause irreversible loss of cartilage 
components such as proteoglycans and degenerative lesions in the upper layers 
from the beginning of the treatment. Therefore, quinolones should be avoided for 
studying the effect of other animal models of OA [98]. In addition, factors including 
fibroblast growth factor-2, bone morphogenetic protein-4, or inhibitors of 
transforming growth factor beta have also been used to create OC injuries at the 
joint [53].

15.4  Preclinical Considerations of Osteochondral Disease 
Models

Animal models provide a useful model to study the pathogenesis of the disease, the 
therapeutic security, and the efficacy of the new treatments and significantly 
contribute to the translatability of new treatments toward clinical realization [115]. 
However, there is not just one model that represents all features of the disease, and 
this translation of the results varies depending on the model chosen [61].

In 1999, the US Food and Drug Administration (FDA) provided draft guidelines 
in an attempt to make OA animal models properly used. In this guidance, the FDA 
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proposes five questions that should be considered when an OA animal model is used 
and that have not been modified to this day:

 1. How accurately does the model replicate human OA?
 2. What are the structural determinants of pain and loss of function?
 3. Do structural changes (identified with MRI or X-ray) correlate with clinical 

(pain, motion, weight distribution, gait) or biochemical (cartilage composition, 
enzymatic activity, pain mediators, receptor expression) markers?

 4. Is the model useful for studying prophylactic strategies or for studying structural 
arrest or reversal?

 5. Can the model be used to assess long-term toxicity [15]?

Moreover, Osteoarthritis Research Society International (OARSI) group was 
created in order to standardize preclinical OA studies, particularly those that use 
animal models. As a result, it was provided a guideline with recommendation that 
address some of the deficiencies observed in preclinical studies such as lack of 
defining clear distinction of OA subsets, established clinical trial endpoints, 
evaluation of biomarkers, histopathology, and exclusion of other arthritis types. In 
addition, OARSI develops a new grading system that would meet the guiding 
principles of simplicity, utility, scalability, extendibility, and comparability [86], as 
well as the design of a guideline for each animal used in OC disease models and the 
creation of a tool to facilitate comparison between species [23].

While small animal models are commonly used as proof of concept or degrada-
tion and safety profile, large animal studies are required as preclinical data before 
approval of therapeutic interventions. Large animals more appropriated for 
preclinical evaluation include dogs, which have been beneficial as natural models in 
preclinical trials of therapeutic intervention [71, 72], and sheep/goats due to ease of 
handling, low cost (compared to other large animal species), and similar anatomy 
with human [64]. However, equine model is the most adequate preclinical model 
due to the anatomy and morphology, the development of spontaneous or traumatic 
OA defects [2], and its suitability for magnetic resonance imaging (MRI) evaluation, 
as recommended by OARSI [108].

15.5  Conclusions

Current treatments for OC defects are not as effective as required, so disease models 
are a very important source of knowledge to the whole pathological process. It is 
fundamental to guide the identification of new therapeutic targets that, coupled with 
the development of novel strategies, could prevent, reduce, or stop the progression 
of OC diseases or, alternatively, resolve the existing damage of the joint. In vitro 
models are important tools to elucidate the molecular mechanisms and pathways 
that are involved in OC tissue physiology under normal and pathological conditions. 
Also, these models have the advantage of making it possible to obtain high amount 
of samples that are cheaper and easy to handle in a short time and, however, presents 
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important limitations when it comes to transfer to the clinic. In contrast, in vivo 
models are more complex, with numerous species and ways of obtaining OC 
damage. Animal models provide a very close idea of (i) lesions that OC causes, (ii) 
the development and responses to treatment in the whole animal and (iii) they are 
closer to what happens in humans, making it the most suitable preclinical model. 
However, these models are very expensive and ethically debated. Cost, anatomy, 
maturity, joint biomechanics, length of the experiment, as well as postsurgical 
protocol must be taken into account when an animal model is used to make the best 
possible choice for the study. For preclinical approaches, large animal models will 
better replicate the human clinical scenario, but just one model does not represent 
all feature of the disease or the treatment, which has forced the OARSI to create a 
guideline for each animal model in order to ensure the success of the transfer to 
clinical trials.

Acknowledgements This work was supported by the Ministerio de Economía, Industria y 
Competitividad (FEDER funds, project RTC-2016-5451-1). G.  J. acknowledges the Junta de 
Andalucía for providing a post-doctoral fellowship. Also, C.  A. acknowledges the predoctoral 
fellowship from the Spanish Ministry of Education, Culture and Sports (BOE-A-2014-13539).

References

 1. Adaes S et al (2014) Intra-articular injection of collagenase in the knee of rats as an alterna-
tive model to study nociception associated with osteoarthritis. Arthritis Res Ther 16(1):R10

 2. Ahern BJ et al (2009) Preclinical animal models in single site cartilage defect testing: a sys-
tematic review. Osteoarthr Cartil 17(6):705–713

 3. Aigner T, McKenna L (2002) Molecular pathology and pathobiology of osteoarthritic carti-
lage. Cell Mol Life Sci 59(1):5–18

 4. Allen KD et al (2009) Decreased physical function and increased pain sensitivity in mice 
deficient for type IX collagen. Arthritis Rheum 60(9):2684–2693

 5. Asahara H (2016) Current status and strategy of microRNA research for cartilage develop-
ment and osteoarthritis pathogenesis. J Bone Metab 23(3):121–127

 6. Beekhuizen M et al (2011) Osteoarthritic synovial tissue inhibition of proteoglycan produc-
tion in human osteoarthritic knee cartilage: establishment and characterization of a long-term 
cartilage-synovium coculture. Arthritis Rheum 63(7):1918–1927

 7. Bhattacharjee M et al (2015) Tissue engineering strategies to study cartilage development, 
degeneration and regeneration. Adv Drug Deliv Rev 84:107–122. Available at: https://doi.
org/10.1016/j.addr.2014.08.010

 8. Bian Q et al (2012) Osteoarthritis: genetic factors, animal models, mechanisms, and thera-
pies. Front Biosci (Elite Ed) 4:74–100

 9. Bijlsma JWJ, Berenbaum F, Lafeber FPJG (2011) Osteoarthritis: an update with relevance for 
clinical practice. Lancet 377(9783):2115–2126

 10. Blumbach K et al (2008) Ablation of collagen IX and COMP disrupts epiphyseal cartilage 
architecture. Matrix Biol: J Int So Matrix Biol 27(4):306–318

 11. Bove SE et al (2003) Weight bearing as a measure of disease progression and efficacy of 
anti-inflammatory compounds in a model of monosodium iodoacetate-induced osteo-
arthritis. Osteoarthr Cartil 11(11):821–830. Available at: http://www.ncbi.nlm.nih.gov/
pubmed/14609535. Accessed 26 May 2017

G. Jiménez et al.

https://doi.org/10.1016/j.addr.2014.08.010
https://doi.org/10.1016/j.addr.2014.08.010
http://www.ncbi.nlm.nih.gov/pubmed/14609535
http://www.ncbi.nlm.nih.gov/pubmed/14609535


345

 12. Carlson CS et al (1994) Osteoarthritis in cynomolgus macaques: a primate model of naturally 
occurring disease. J Orthop Res: Off Publ Orthop Res Soc 12(3):331–339

 13. Coleman CM, Tuan RS (2003) Functional role of growth/differentiation factor 5 in chondro-
genesis of limb mesenchymal cells. Mech Dev 120(7):823–836

 14. De Croos JNA et al (2006) Cyclic compressive mechanical stimulation induces sequential 
catabolic and anabolic gene changes in chondrocytes resulting in increased extracellular 
matrix accumulation. Matrix Biol 25(6):323–331

 15. FDA (1999) Guidance for industry: clinical development programs for drugs, devices, and 
biological products intended for the treatment of osteoarthritis (OA). www.FDA.gov (July)

 16. Fehrenbacher A et al (2003) Rapid regulation of collagen but not metalloproteinase 1, 3, 13, 
14 and tissue inhibitor of metalloproteinase 1, 2, 3 expression in response to mechanical load-
ing of cartilage explants in vitro. Arch Biochem Biophys 410(1):39–47

 17. Finger F et al (2003) Molecular phenotyping of human chondrocyte cell lines T/C-28a2, T/C- 
28a4, and C-28/I2. Arthritis Rheum 48(12):3395–3403

 18. Frisbie DD et al (2008) Changes in synovial fluid and serum biomarkers with exercise and 
early osteoarthritis in horses. Osteoarthr Cartil 16(10):1196–1204

 19. Frisbie DD, Cross MW, McIlwraith CW (2006) A comparative study of articular carti-
lage thickness in the stifle of animal species used in human pre-clinical studies compared 
to articular cartilage thickness in the human knee. Vet Comp Orthop Traumatol: VCOT 
19(3):142–146

 20. Frisbie DD, McIlwraith CW (2000) Evaluation of gene therapy as a treatment for equine 
traumatic arthritis and osteoarthritis. Clin Orthop Relat Res 379 Suppl:S273–S287

 21. Gabriel N et  al (2010) Development of an in  vitro model of feline cartilage degradation. 
J Feline Med Surg 12(8):614–620. Available at: https://doi.org/10.1016/j.jfms.2010.03.007

 22. Garner BC et al (2011) Using animal models in osteoarthritis biomarker research. J Knee Surg 
24(4):251–264. Available at: http://www.ncbi.nlm.nih.gov/pubmed/22303754. Accessed 26 
May 2017

 23. Gerwin N et al (2010) The OARSI histopathology initiative - recommendations for histologi-
cal assessments of osteoarthritis in the rat. Osteoarthr Cartil 18(Suppl 3):S24–S34

 24. Gouttenoire J et al (2007) Knockdown of the intraflagellar transport protein IFT46 stimulates 
selective gene expression in mouse chondrocytes and affects early development in zebrafish. 
J Biol Chem 282(42):30960–30973

 25. Gregory MH et al (2012) A review of translational animal models for knee osteoarthritis. 
Arthritis 2012:764621

 26. Groma G et  al (2012) Abnormal bone quality in cartilage oligomeric matrix protein and 
matrilin 3 double-deficient mice caused by increased tissue inhibitor of metalloproteinases 3 
deposition and delayed aggrecan degradation. Arthritis Rheum 64(8):2644–2654

 27. Gruchenberg K et al (2015) In vivo performance of a novel silk fibroin scaffold for partial 
meniscal replacement in a sheep model. Knee Surg Sports Traumatol Arthrosc: Off J ESSKA 
23(8):2218–2229

 28. Hafez A et al (2015) Col11a1 regulates bone microarchitecture during embryonic develop-
ment. J Dev Biol 3(4):158–176

 29. He A et al (2017) Repair of osteochondral defects with in vitro engineered cartilage based on 
autologous bone marrow stromal cells in a swine model. Sci Rep 7:40489

 30. Hering TM et al (2014) Changes in type II procollagen isoform expression during chondro-
genesis by disruption of an alternative 5′ splice site within Col2a1 exon 2. Matrix Biol: J Int 
Soc Matrix Biol 36:51–63

 31. Hillen J  et  al (2017) Structural cartilage damage attracts circulating rheumatoid arthritis 
synovial fibroblasts into affected joints. Arthritis Res Ther 19(1):40

 32. Hooijmans CR, Leenaars M, Ritskes-Hoitinga M (2010) A gold standard publication check-
list to improve the quality of animal studies, to fully integrate the three Rs, and to make 
systematic reviews more feasible. Altern Lab Anim: ATLA 38(2):167–182

15 Models of Disease

http://www.fda.gov
https://doi.org/10.1016/j.jfms.2010.03.007
http://www.ncbi.nlm.nih.gov/pubmed/22303754


346

 33. Hsueh MF, Önnerfjord P, Kraus VB (2014) Biomarkers and proteomic analysis of osteoar-
thritis. Matrix Biol 39:56–66. Available at: https://doi.org/10.1016/j.matbio.2014.08.012

 34. Hunter DJ, Felson DT (2006) Osteoarthritis. BMJ (Clinical research ed) 332(7542):639–642
 35. Hunter DJ, Schofield D, Callander E (2014) The individual and socioeconomic impact of 

osteoarthritis. Nat Rev Rheumatol 10(7):437–441. Available at: https://doi.org/10.1038/
nrrheum.2014.44

 36. Ikeda T et  al (1998) Adenovirus mediated gene delivery to the joints of Guinea pigs. 
J Rheumatol 25(9):1666–1673

 37. Ilic MZ et al (2007) Distinguishing aggrecan loss from aggrecan proteolysis in ADAMTS-4 
and ADAMTS-5 single and double deficient mice. J Biol Chem 282(52):37420–37428

 38. Jaeger K et  al (2008) The genetics of osteoarthritis in STR/ort mice. Osteoarthr Cartil 
16(5):607–614

 39. Jiménez G et al (2015) Activin a/BMP2 chimera AB235 drives efficient redifferentiation of 
long term cultured autologous chondrocytes. Sci Rep 5(1):16400. Available at: http://www.
ncbi.nlm.nih.gov/pubmed/26563344. Accessed 26 May 2017

 40. Jimenez PA et al (1997) Spontaneous osteoarthritis in Dunkin Hartley Guinea pigs: histo-
logic, radiologic, and biochemical changes. Lab Anim Sci 47(6):598–601

 41. Johnson CI, Argyle DJ, Clements DN (2016) In vitro models for the study of osteoarthritis. 
Vet J 209:40–49

 42. Kawanishi Y et  al (2014) Intra-articular injection of synthetic microRNA-210 accelerates 
avascular meniscal healing in rat medial meniscal injured model. Arthritis Res Ther 16(6):488

 43. Kawcak CE et al (2008) Effects of exercise vs experimental osteoarthritis on imaging out-
comes. Osteoarthr Cartil 16(12):1519–1525

 44. Kerckhofs G et al (2013) Contrast-enhanced nanofocus computed tomography images the 
cartilage subtissue architecture in three dimensions. Eur Cell Mater 25:179–189. Available 
at: http://www.ncbi.nlm.nih.gov/pubmed/23389752. Accessed 26 May 2017

 45. Kim Y-I et al (2015) Cartilage development requires the function of estrogen-related receptor 
alpha that directly regulates sox9 expression in zebrafish. Sci Rep 5:18011

 46. Kim Y-I et al (2013) Establishment of a bone-specific col10a1:GFP transgenic zebrafish. Mol 
Cells 36(2):145–150

 47. Koch TG, Betts DH (2007) Stem cell therapy for joint problems using the horse as a clinically 
relevant animal model. Expert Opin Biol Ther 7(11):1621–1626

 48. Kon E et al (2008) Tissue engineering for total meniscal substitution: animal study in sheep 
model. Tissue Eng A 14(6):1067–1080

 49. van der Kraan PM et  al (1990) Degenerative knee joint lesions in mice after a single 
intra-articular collagenase injection. A new model of osteoarthritis. J Exp Pathol (Oxford) 
71(1):19–31

 50. van der Kraan PM (2013) Relevance of zebrafish as an OA research model. Osteoarthr Cartil 
21(2):261–262

 51. Kuyinu EL et al (2016) Animal models of osteoarthritis: classification, update, and measure-
ment of outcomes. J Orthop Surg Res 11:19

 52. Kyostio-Moore S et al (2011) STR/ort mice, a model for spontaneous osteoarthritis, exhibit 
elevated levels of both local and systemic inflammatory markers. Comp Med 61(4):346–355

 53. Lampropoulou-Adamidou K et al (2014) Useful animal models for the research of osteoar-
thritis. Eur J Orthop Surg Traumatol: Orthop Traumatol 24(3):263–271

 54. Lawrence RC et al (2008) Estimates of the prevalence of arthritis and other rheumatic con-
ditions in the United States: part II. Arthritis Rheum 58(1):26–35. Available at: https://doi.
org/10.1002/art.23176

 55. Lin YY et al (2010) Applying an excessive mechanical stress alters the effect of subchondral 
osteoblasts on chondrocytes in a co-culture system. Eur J Oral Sci 118(2):151–158

 56. Little CB, Zaki S (2012) What constitutes an “animal model of osteoarthritis”--the need for 
consensus? Osteoarthr Cartil 20(4):261–267

G. Jiménez et al.

https://doi.org/10.1016/j.matbio.2014.08.012
https://doi.org/10.1038/nrrheum.2014.44
https://doi.org/10.1038/nrrheum.2014.44
http://www.ncbi.nlm.nih.gov/pubmed/26563344
http://www.ncbi.nlm.nih.gov/pubmed/26563344
http://www.ncbi.nlm.nih.gov/pubmed/23389752
https://doi.org/10.1002/art.23176
https://doi.org/10.1002/art.23176


347

 57. Liu W et al (2003) Spontaneous and experimental osteoarthritis in dog: similarities and dif-
ferences in proteoglycan levels. J Orthop Res: Off Publ Orthop Res Soc 21(4):730–737

 58. Madden JC et al (2012) Strategies for the optimisation of in vivo experiments in accordance 
with the 3Rs philosophy. Regul Toxicol Pharmacol 63(1):140–154. Available at: http://www.
sciencedirect.com/science/article/pii/S0273230012000578

 59. Mahjoub M, Berenbaum F, Houard X (2012) Why subchondral bone in osteoarthri-
tis? The importance of the cartilage bone interface in osteoarthritis. Osteoporos Int 23(8 
SUPPL):841–846

 60. Malda J  et  al (2012) Comparative study of depth-dependent characteristics of equine and 
human osteochondral tissue from the medial and lateral femoral condyles. Osteoarthr Cartil 
20(10):1147–1151

 61. Malfait A-M, Little CB (2015) On the predictive utility of animal models of osteoarthritis. 
Arthritis Res Ther 17:225

 62. Martel-Pelletier J, Wildi LM, Pelletier J-P (2012) Future therapeutics for osteoarthritis. Bone 
51(2):297–311

 63. Martinez-Diaz S et al (2010) In vivo evaluation of 3-dimensional polycaprolactone scaffolds 
for cartilage repair in rabbits. Am J Sports Med 38(3):509–519

 64. McCoy AM (2015) Animal models of osteoarthritis: comparisons and key considerations. Vet 
Pathol 52(5):803–818

 65. McIlwraith CW, Frisbie DD, Kawcak CE (2012) The horse as a model of naturally occurring 
osteoarthritis. Bone Joint Res 1(11):297–309

 66. Mello MA, Tuan RS (2006) Effects of TGF-beta1 and triiodothyronine on cartilage matura-
tion: in vitro analysis using long-term high-density micromass cultures of chick embryonic 
limb mesenchymal cells. J Orthop Res: Off Publ Orthop Res Soc 24(11):2095–2105

 67. Mierzwa AGH et al (2017) Different doses of strontium ranelate and mechanical vibration 
modulate distinct responses in the articular cartilage of ovariectomized rats. Osteoarthr Cartil 
25(7):1179–1188

 68. Miller RE et al (2013) Genetically engineered mouse models reveal the importance of prote-
ases as osteoarthritis drug targets. Curr Rheumatol Rep 15(8):350

 69. Mitchell RE et al (2013) New tools for studying osteoarthritis genetics in zebrafish. Osteoarthr 
Cartil 21(2):269–278

 70. Moran CJ et al (2016) The benefits and limitations of animal models for translational research 
in cartilage repair. J Exp Orthop 3(1):1. Available at: http://www.jeo-esska.com/content/3/1/1. 
Accessed 26 May 2017

 71. Moreau M et  al (2014) A medicinal herb-based natural health product improves the con-
dition of a canine natural osteoarthritis model: a randomized placebo-controlled trial. 
Res Vet Sci 97(3):574–581. Available at: http://linkinghub.elsevier.com/retrieve/pii/
S0034528814002483. Accessed 26 May 2017

 72. Moreau M et al (2013) A posteriori comparison of natural and surgical destabilization mod-
els of canine osteoarthritis. Biomed Res Int 2013:180453. Available at: http://www.hindawi.
com/journals/bmri/2013/180453/. Accessed 26 May 2017

 73. Morko J et al (2005) Spontaneous development of synovitis and cartilage degeneration in 
transgenic mice overexpressing cathepsin K. Arthritis Rheum 52(12):3713–3717

 74. Moyer RF et  al (2017) Osteoarthritis year in review 2014: mechanics  – basic and clini-
cal studies in osteoarthritis. Osteoarthr Cartil 22(12):1989–2002. Available at: https://doi.
org/10.1016/j.joca.2014.06.034

 75. Murab S et  al (2013) Matrix-embedded cytokines to simulate osteoarthritis-like cartilage 
microenvironments. Tissue Eng A 19(15–16):1733–1753. Available at: http://online.liebert-
pub.com/doi/abs/10.1089/ten.tea.2012.0385

 76. Muraoka T et al (2007) Role of subchondral bone in osteoarthritis development: a compara-
tive study of two strains of Guinea pigs with and without spontaneously occurring osteoar-
thritis. Arthritis Rheum 56(10):3366–3374

15 Models of Disease

http://www.sciencedirect.com/science/article/pii/S0273230012000578
http://www.sciencedirect.com/science/article/pii/S0273230012000578
http://www.jeo-esska.com/content/3/1/1
http://linkinghub.elsevier.com/retrieve/pii/S0034528814002483
http://linkinghub.elsevier.com/retrieve/pii/S0034528814002483
http://www.hindawi.com/journals/bmri/2013/180453
http://www.hindawi.com/journals/bmri/2013/180453
https://doi.org/10.1016/j.joca.2014.06.034
https://doi.org/10.1016/j.joca.2014.06.034
http://online.liebertpub.com/doi/abs/10.1089/ten.tea.2012.0385
http://online.liebertpub.com/doi/abs/10.1089/ten.tea.2012.0385


348

 77. Novakofski KD, Torre CJ, Fortier LA (2012) Interleukin-1??, −6, and −8 decrease Cdc42 
activity resulting in loss of articular chondrocyte phenotype. J Orthop Res 30(2):246–251

 78. Olive J et al (2009) Imaging and histological features of central subchondral osteophytes in 
racehorses with metacarpophalangeal joint osteoarthritis. Equine Vet J 41(9):859–864

 79. Osawa A et al (2013) The use of blood vessel-derived stem cells for meniscal regeneration 
and repair. Med Sci Sports Exerc 45(5):813–823

 80. Page-McCaw A, Ewald AJ, Werb Z (2007) Matrix metalloproteinases and the regulation of 
tissue remodelling. Nat Rev Mol Cell Biol 8(3):221–233

 81. Pape D et al (2010) Disease-specific clinical problems associated with the subchondral bone. 
Knee Surg Sports Traumatol Arthrosc 18(4):448–462

 82. Pecchi E et al (2012) A potential role of chondroitin sulfate on bone in osteoarthritis: inhibi-
tion of prostaglandin E 2 and matrix metalloproteinases synthesis in interleukin-1β- stimu-
lated osteoblasts. Osteoarthr Cartil 20(2):127–135. Available at: https://doi.org/10.1016/j.
joca.2011.12.002

 83. Percie du Sert N (2012) Maximising the output of osteoarthritis research: the ARRIVE guide-
lines. Osteoarthr Cartil 20(4):253–255

 84. Pina S, Oliveira JM, Reis RL (2015) Natural-based nanocomposites for bone tissue engineer-
ing and regenerative medicine: a review. Adv Mater (Deerfield Beach, Fla) 27(7):1143–1169

 85. Pritzker KP et al (1989) Rhesus macaques as an experimental model for degenerative arthri-
tis. P R Health Sci J 8(1):99–102

 86. Pritzker KPH et  al (2006) Osteoarthritis cartilage histopathology: grading and staging. 
Osteoarthr Cartil 14(1):13–29

 87. Redman SN, Oldfield SF, Archer CW (2005) Current strategies for articular cartilage repair. 
Eur Cell Mater 9:23–32

 88. Reynard LN, Loughlin J  (2013) Insights from human genetic studies into the pathways 
involved in osteoarthritis. Nat Rev Rheumatol 9(10):573–583. Available at: http://www.
nature.com/doifinder/10.1038/nrrheum.2013.121

 89. Rogerson FM et al (2008) Evidence of a novel aggrecan-degrading activity in cartilage: stud-
ies of mice deficient in both ADAMTS-4 and ADAMTS-5. Arthritis Rheum 58(6):1664–1673

 90. Sabatini M et al (2005) Effect of inhibition of matrix metalloproteinases on cartilage loss 
in vitro and in a Guinea pig model of osteoarthritis. Arthritis Rheum 52(1):171–180

 91. Sahebjam S, Khokha R, Mort JS (2007) Increased collagen and aggrecan degradation with 
age in the joints of Timp3(−/−) mice. Arthritis Rheum 56(3):905–909

 92. Sanchez C et  al (2016) Chondrocyte secretome: a source of novel insights and explor-
atory biomarkers of osteoarthritis. Osteoarthr Cartil. Available at: https://doi.org/10.1016/j.
joca.2017.02.797

 93. Sanchez C et al (2008) Phenotypic characterization of osteoblasts from the sclerotic zones of 
osteoarthritic subchondral bone. Arthritis Rheum 58(2):442–455

 94. Sanchez C et al (2005) Subchondral bone osteoblasts induce phenotypic changes in human 
osteoarthritic chondrocytes. Osteoarthr Cartil 13(11):988–997

 95. Santangelo KS, Bertone AL (2011) Effective reduction of the interleukin-1beta transcript in 
osteoarthritis-prone Guinea pig chondrocytes via short hairpin RNA mediated RNA interfer-
ence influences gene expression of mediators implicated in disease pathogenesis. Osteoarthr 
Cartil 19(12):1449–1457

 96. Santo VE et al (2013) Controlled release strategies for bone, cartilage, and osteochondral 
engineering–part II: challenges on the evolution from single to multiple bioactive factor 
delivery. Tissue Eng Part B Rev 19(4):327–352. Available at: http://www.ncbi.nlm.nih.gov/
pubmed/23249320. Accessed 26 May 2017

 97. Sato M et al (2012) Direct transplantation of mesenchymal stem cells into the knee joints of 
Hartley strain Guinea pigs with spontaneous osteoarthritis. Arthritis Res Ther 14(1):R31

 98. Sendzik J, Lode H, Stahlmann R (2009) Quinolone-induced arthropathy: an update focusing 
on new mechanistic and clinical data. Int J Antimicrob Agents 33(3):194–200. Available at: 
http://linkinghub.elsevier.com/retrieve/pii/S0924857908003531. Accessed 26 May 2017

G. Jiménez et al.

https://doi.org/10.1016/j.joca.2011.12.002
https://doi.org/10.1016/j.joca.2011.12.002
http://www.nature.com/doifinder/10.1038/nrrheum.2013.121
http://www.nature.com/doifinder/10.1038/nrrheum.2013.121
https://doi.org/10.1016/j.joca.2017.02.797
https://doi.org/10.1016/j.joca.2017.02.797
http://www.ncbi.nlm.nih.gov/pubmed/23249320
http://www.ncbi.nlm.nih.gov/pubmed/23249320
http://linkinghub.elsevier.com/retrieve/pii/S0924857908003531


349

 99. Da Silva MA et  al (2009) Cellular and epigenetic features of a young healthy and a 
young osteoarthritic cartilage compared with aged control and OA cartilage. J Orthop Res 
27(5):593–601

 100. Simon D et al (2015) The relationship between anterior cruciate ligament injury and osteoar-
thritis of the knee. Adv Orthop 2015:928301

 101. Smith RL et al (1995) Effects of fluid-induced shear on articular chondrocyte morphology and 
metabolism in vitro. J Orthop Res 13(6):824–831. Available at: http://doi.wiley.com/10.1002/
jor.1100130604. Accessed 19 May 2017

 102. Stoop R et al (1999) Type II collagen degradation in spontaneous osteoarthritis in C57Bl/6 
and BALB/c mice. Arthritis Rheum 42(11):2381–2389

 103. Swieszkowski W et al (2007) Repair and regeneration of osteochondral defects in the articu-
lar joints. Biomol Eng 24(5):489–495. Available at: http://www.sciencedirect.com/science/
article/pii/S1389034407000834

 104. Taniguchi S et al (2012) Long-term oral administration of glucosamine or chondroitin sul-
fate reduces destruction of cartilage and up-regulation of MMP-3 mRNA in a model of 
spontaneous osteoarthritis in Hartley Guinea pigs. J Orthop Res: Off Publ Orthop Res Soc 
30(5):673–678

 105. Teeple E et  al (2013) Animal models of osteoarthritis: challenges of model selection and 
analysis. AAPS J 15(2):438–446

 106. Thysen S, Luyten FP, Lories RJU (2015) Targets, models and challenges in osteoarthri-
tis research. Dis Model Mech 8(1):17–30. Available at: http://dmm.biologists.org/cgi/
doi/10.1242/dmm.016881

 107. Tortelli F, Cancedda R (2009) Three-dimensional cultures of osteogenic and chondrogenic 
cells: a tissue engineering approach to mimic bone and cartilage in vitro. Eur Cell Mater 
17:1–14. Available at: http://www.ncbi.nlm.nih.gov/pubmed/19579210. Accessed 26 May 
2017

 108. Tremoleda JL et  al (2011) Imaging technologies for preclinical models of bone and joint 
disorders. EJNMMI Res 1(1):11

 109. Trumble TN et  al (2008) Joint dependent concentrations of bone alkaline phosphatase in 
serum and synovial fluids of horses with osteochondral injury: an analytical and clinical 
validation. Osteoarthr Cartil 16(7):779–786

 110. Tufan AC et  al (2002) AP-1 transcription factor complex is a target of signals from both 
WnT-7a and N-cadherin-dependent cell-cell adhesion complex during the regulation of limb 
mesenchymal chondrogenesis. Exp Cell Res 273(2):197–203

 111. Vazquez M et al (2014) A new method to investigate how mechanical loading of osteocytes 
controls osteoblasts. Front Endocrinol 5(DEC):1–19

 112. Wang W-G et al (2003) In vitro chondrogenesis of human bone marrow-derived mesenchy-
mal progenitor cells in monolayer culture: activation by transfection with TGF-beta2. Tissue 
Cell 35(1):69–77

 113. Watanabe H, Yamada Y (2002) Chondrodysplasia of gene knockout mice for aggrecan and 
link protein. Glycoconj J 19(4–5):269–273

 114. Wei L, Svensson O, Hjerpe A (1997) Correlation of morphologic and biochemical changes 
in the natural history of spontaneous osteoarthrosis in Guinea pigs. Arthritis Rheum 
40(11):2075–2083

 115. Wendler A, Wehling M (2010) The translatability of animal models for clinical development: 
biomarkers and disease models. Curr Opin Pharmacol 10(5):601–606

 116. Whitehouse MR et al (2017) Repair of torn avascular meniscal cartilage using undifferen-
tiated autologous mesenchymal stem cells: from in  vitro optimization to a first-in-human 
study. Stem Cells Transl Med 6(4):1237–1248

 117. Yamamoto K et al (2005) Morphological studies on the ageing and osteoarthritis of the artic-
ular cartilage in C57 black mice. J Orthop Surg (Hong Kong) 13(1):8–18

15 Models of Disease

http://doi.wiley.com/10.1002/jor.1100130604
http://doi.wiley.com/10.1002/jor.1100130604
http://www.sciencedirect.com/science/article/pii/S1389034407000834
http://www.sciencedirect.com/science/article/pii/S1389034407000834
http://dmm.biologists.org/cgi/doi/10.1242/dmm.016881
http://dmm.biologists.org/cgi/doi/10.1242/dmm.016881
http://www.ncbi.nlm.nih.gov/pubmed/19579210


350

 118. Yan L-P et al (2015) Bilayered silk/silk-nanoCaP scaffolds for osteochondral tissue engineer-
ing: in vitro and in vivo assessment of biological performance. Acta Biomater 12:227–241. 
Available at: http://www.ncbi.nlm.nih.gov/pubmed/25449920. Accessed 26 May 2017

 119. Yang B et  al (2014) Effect of microRNA-145 on IL-1β-induced cartilage degradation in 
human chondrocytes. FEBS Lett 588(14):2344–2352. Available at: https://doi.org/10.1016/j.
febslet.2014.05.033

 120. Young RD et al (2002) Type II collagen deposition in cruciate ligament precedes osteoarthri-
tis in the Guinea pig knee. Osteoarthr Cartil 10(5):420–428

 121. Yu XM et al (2015) MicroRNAs’ involvement in osteoarthritis and the prospects for treat-
ments. Evid Based Complement Alternat Med 2015:236179

 122. Zamli Z et al (2013) Increased chondrocyte apoptosis is associated with progression of osteo-
arthritis in spontaneous Guinea pig models of the disease. Int J Mol Sci 14(9):17729–17743

 123. Zellner J et al (2013) Stem cell-based tissue-engineering for treatment of meniscal tears in the 
avascular zone. J Biomed Mater Res B Appl Biomater 101(7):1133–1142

 124. Zhao W et al (2016) Cartilage degeneration and excessive subchondral bone formation in 
spontaneous osteoarthritis involves altered TGF-beta signaling. J  Orthop Res: Off Publ 
Orthop Res Soc 34(5):763–770

G. Jiménez et al.

http://www.ncbi.nlm.nih.gov/pubmed/25449920
https://doi.org/10.1016/j.febslet.2014.05.033
https://doi.org/10.1016/j.febslet.2014.05.033


Part V
In Vitro Models for Osteochondral 

Regeneration



353© Springer International Publishing AG, part of Springer Nature 2018 
J. M. Oliveira et al. (eds.), Osteochondral Tissue Engineering,  
Advances in Experimental Medicine and Biology 1059, 
https://doi.org/10.1007/978-3-319-76735-2_16

Chapter 16
Tissue Engineering Strategies 
for Osteochondral Repair

F. Raquel Maia, Mariana R. Carvalho, J. Miguel Oliveira, and Rui L. Reis

Abstract Tissue engineering strategies have been pushing forward several fields in 
the range of biomedical research. The musculoskeletal field is not an exception. In 
fact, tissue engineering has been a great asset in the development of new treatments 
for osteochondral lesions. Herein, we overview the recent developments in osteo-
chondral tissue engineering. Currently, the treatments applied in a clinical scenario 
have shown some drawbacks given the difficulty in regenerating a fully functional 
hyaline cartilage. Among the different strategies designed for osteochondral regen-
eration, it is possible to identify cell-free strategies, scaffold- free strategies, and 
advanced strategies, where different materials are combined with cells. Cell-free 
strategies consist in the development of scaffolds in the attempt to better fulfill the 
requirements of the cartilage regeneration process. For that, different structures 
have been designed, from monolayers to multilayered structures, with the intent to 
mimic the osteochondral architecture. In the case of scaffold-free strategies, they 
took advantage on the extracellular matrix produced by cells. The last strategy relies 
in the development of new biomaterials capable of mimicking the extracellular 
matrix. This way, the cell growth, proliferation, and differentiation at the lesion site 
are expedited, exploiting the self-regenerative potential of cells and its interaction 
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with biomolecules. Overall, despite the difficulties associated with each approach, 
tissue engineering has been proven a valuable tool in the regeneration of osteochon-
dral lesions and together with the latest advances in the field, promises to revolu-
tionize personalized therapies.

Keywords Osteochondral regeneration · Cell-free strategies · Scaffold-free 
strategies · Biomaterials · Extracellular matrix mimicry

16.1  Introduction

Tissue engineering approaches are still a promising and powerful toolbox in a wide 
range of biomedical research areas and are applied in different areas such as 
cardiology, neurosciences, cancer, immunology, virology, and musculoskeletal.

A lot of attention is focused on osteochondral lesions since most of these lesions 
do not heal naturally [1]. It is accepted in the field that for successful long-term 
reconstruction or regeneration, the therapy should not only address the cartilage but 
also the underlying bone in order to reestablish joint homeostasis. In fact, the 
cartilage and adjacent subchondral bone has a limited potential for healing and if 
not properly treated can lead to the development of osteoarthritis. Additionally, 
nowadays, more young people suffer from these lesions, demanding faster and 
highly functional treatments. Several regenerative procedures have been used to 
treat such lesions. For example, microfracturing or subchondral drilling has been 
used to treat damaged cartilage due to the recruitment of mesenchymal stem cells 
[2]. With this approach, bone marrow is stimulated releasing progenitor cells from 
the bone marrow into the defect. These progenitor cells have the capacity to 
differentiate into chondrocytes, which, ultimately, produce a fibrocartilaginous 
cartilage. Nevertheless, this result tissue is not fully functional and many times 
weakens over time. For so, autologous chondrocytes or mesenchymal stem cells 
have been implanted as an alternative method. Even so, it is associated with some 
drawbacks, as the requirement of several surgical procedures and the fact that it is 
limited to application in small defects. To overcome some of the drawback, different 
sources have been studied [3]. Overall, the current therapies fail in regenerate 
hyaline cartilage, which hinders the motion and promotes progressive degeneration. 
Another possible clinical treatment is mosaicplasty. That method consists on the 
application of autologous osteochondral grafts (Fig. 16.1), which are obtained by 
the removal of cylindrical plugs of hyaline cartilage and the underlying subchondral 
bone from a healthy area [4].

To address the limitations, osteochondral tissue engineering has been pursued to 
develop more effective treatments, based on cell-free strategies, scaffold-free 
strategies, or even advanced strategies (Fig.  16.2) [5]. Within the strategies that 
involve the use of scaffolds, it should work as a provisional matrix for tissue 
regeneration, mimicking some features of the native tissue. By combining materials 

F. R. Maia et al.



355

and advanced technologies, it is possible to develop a new generation of three- 
dimensional scaffolds with similar features to the articular cartilage and bone. 
Scaffolds can be implanted with or without cells, allowing to address larger defects. 
But, in the case where scaffolds are implanted without cells (cell-free approaches), 
microfracture is used to promote chondrogenesis. Still, some issues need to be 
addressed as the mimicry of unique biofunctioning of articular cartilage and 
osteochondral interface tissues. Trying to answer this, new approaches appeared, 
such as the use of new biomaterials that are able to mimic the extracellular matrix 
[6]. These biomaterials are hydrogels. Many critical properties of hydrogels are 
advantageous in osteochondral regeneration, such as mechanical stiffness, elasticity, 
water content, bioactivity, and degradation profiles. Besides, hydrogels can be tuned 
for both soft and hard tissue regeneration. This way, cell growth, proliferation, and 
differentiation at the sites of defects are facilitated, and the regeneration of tissues 
becomes dependent on the interaction of cells and biomolecules.

Another advanced strategy for osteochondral regeneration is three-dimensional 
bioprinting [7]. This technology allows the fabrication of constructs with high 
control over spatial resolution, shape, and mechanical properties. Also, the main 
advantage of this technique is the accurate positioning of biomaterials, cells, and 
biological cues in a layer-by-layer fashion. However, bioprinting is at its early steps, 
and significant milestones have to be achieved before this technology can be 
translated to widespread clinical applications. Currently, the most promising 
materials, or “bioinks,” for cell-based three-dimensional bioprinting are based on 
hydrogels. Hydrogels enable homogeneous cell encapsulation in a hydrated and 
mechanically supportive three-dimensional environment.

Fig. 16.1 (A) Image of osteochondral grafts implanted in injury area. (B) MRI depicting the 
defect site after 24 months [4]. Copyright © 2012, Springer-Verlag
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16.2  Cell-Free Strategies for Osteochondral Regeneration

The use of cell-free strategies, i.e., scaffolds without cells, has been pursued to 
overcome some limitations of the current procedures, such as the fact that cur-
rent strategies can only be applied into injuries with small size. Cell-free strate-
gies rely on the implantation of scaffolds and creation of microfractures to 
promote the recruitment of cells present within the articular area. In this sense, 

Fig. 16.2 Different strategies for osteochondral defect repair: Cell-free strategies, scaffold-free 
strategies and advanced strategies
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mesenchymal stem cells, or other potential cells, are recruited to colonize the 
scaffold, which ultimately promotes the regeneration of the damage tissue. 
Noteworthy, for an appropriate tissue regeneration, scaffolds should be biocom-
patible and biodegradable. This way, it should allow the adhesion and prolifera-
tion of recruited cells and provide physical and biochemical cues to direct cells 
along differentiation pathways. Finally, it should degrade as the new tissue is 
formed.

Among the materials used for scaffolds production, natural biomaterials, such 
as collagen, hyaluronan, or other polymer-based materials, have shown improved 
results. In the case of collagen, since it can be found in high percentages in the 
cartilage and bone, it is easy to understand why it has been chosen for many stud-
ies. For example, Wang et al. [8] used it to produce a scaffold with anti-inflamma-
tory properties and improved mechanical strength for cartilage regeneration. For 
that, they incorporated into collagen a macromolecular drug composed of resvera-
trol (natural polyphenolic compound) and polyacrylic acid. Then, the authors 
implanted it into rabbit osteochondral defects and after 12 weeks observed that the 
defects were completely repaired. Additionally, the neocartilage was well inte-
grated with its surrounding tissue and subchondral bone. However, osteochondral 
defects most often involved not only damage cartilage but also damage the sub-
chondral bone, which can be caused by direct trauma or due to chronic overload 
and degenerative changes. With this in mind, scaffolds composed of two different 
layers have been studied with the purpose to regenerate cartilage and bone [9]. For 
example, bilayer scaffolds composed of collagen, for cartilage regeneration, and 
hydroxyapatite, for bone regeneration, have been studied for knee chondral or 
osteochondral lesions [10]. These scaffolds were completely integrated and showed 
to enable the repair of the tissue surface. However, some abnormal bone over-
growth was also observed.

Despite this bilayer approach being more physiologically relevant due to the 
similarities with native structure of articular tissue, there is still a layer that is not 
taken into consideration: the calcified cartilage layer. The calcified cartilage layer 
functions as a barrier inhibiting the vascularization of the cartilage layer and the 
spread of subchondral bone into the cartilage. With this in mind, Levingstone et al. 
[11] mixed collagen with hydroxyapatite and hyaluronic acid to develop a multi-
layered structure. This strategy relies on the production of a scaffold that emulates 
the different regions of the osteochondral interface. One layer was composed of 
collagen type I and hydroxyapatite to promote bone repair, another layer was com-
posed of collagen type I and hyaluronic acid to promote the development of calci-
fied cartilage, and, finally, another layer was composed of collagen type I, collagen 
type II, and hyaluronic acid to promote cartilage repair. This structure was tested 
in critical size defect produced in a caprine model. Upon 12 months post implanta-
tion, it was observed a complete regeneration of subchondral bone, with formation 
of well-structured subchondral trabecular bone and hyaline- like cartilage tissue 
through the recruitment of host cells.
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In fact, the study of multilayer scaffolds resulted in the development of a com-
mercial product named MaioRegen® (JRI Orthopaedics Ltd). This product is com-
posed of a layer of collagen type I, to mimic the cartilage; a layer of 
magnesium- enriched hydroxyapatite and collagen, to mimic the calcified cartilage; 
and a layer of magnesium-enriched hydroxyapatite, to mimic the subchondral bone 
(Fig.  16.3). The evaluation of regenerated tissue quality and scaffold integration 
showed successful regeneration of the defect. Nonetheless, the quality of the super-
ficial cartilage repair tissue was limited [12]. Additionally, it was observed subchon-
dral laminar and bone changes [13]. Noteworthy, despite the apprehension related 
with biological repair, the associated risk showed to be acceptable [14]. It is impor-
tant to mention that another scaffold named TruFit™ bone graft substitute (BGS) is 
commercialized. It is composed of poly (d,l-lactide co-glycolide) and mimics the 
porous structure of bone. But reports indicate that established techniques, such as 
autologous osteochondral mosaicplasty, result in better outcomes than the use of 
these scaffolds [15].

Despite the majority of the scaffolds developed for osteochondral lesions’ 
treatments have collagen in their composition, other materials has shown prom-
ising results. For example, the case of porous poly(lactic-co-glycolic acid) scaf-
folds. These scaffolds were implanted in the rabbit knee joint and subjected to 
early loading exercise. The exercise played a key role as a mechanical stimuli, 
envisioning the self-renew of the neighboring stem cells and benefiting the 
chondrogenesis and osteogenesis [17]. After 12 weeks, these scaffolds stimu-
lated the full-thickness osteochondral regeneration, with formation of hyaline-
like cartilage and development of columnar rounded chondrocytes and 
functionalized trabecular bone with osteocytes. In a different study, the use of a 
hyaluronic acid-based scaffold revealed encouraging results with complete 
repair of the defect after 24 months [18]. But the clinical significance is still not 
known.

More recently, decellularized tissues have been studied. In fact, they present 
the same structure and function as the original tissues, resulting in a bioactive and 
natural material for osteochondral lesions repair [19]. Furthermore, decellularized 
matrices have been used in conjugation with synthetic materials in order to 

Fig. 16.3 MaioRegen®, a commercialized multilayer scaffold with a structure similar with native 
articular cartilage. Copyright © Kon et al. [16]; licensee Springer 2014
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improve them [20]. These enhanced scaffolds showed to support the growth of 
endogenous cells and to promote good cartilage repair upon implantation into an 
osteochondral defect.

16.3  Scaffold-Free Strategies for Osteochondral 
Regeneration

Different approaches were pursued with the intent to improve osteochondral treat-
ments. The use of scaffolds has shown significant improvements comparing with the 
golden standards applied nowadays, such as drilling, debridement, microfracture, 
mosaicplasty, and autologous chondrocyte implantation. However, the implantation 
of such materials could promote an acute rejection and foreign body reactions. 
Furthermore, the preparation of constructs composed of cells and scaffolds still needs 
to be optimized, namely, in terms of cell seeding and cell differentiation. To overcome 
these issues, the use of a scaffold-free strategy became more relevant. In fact, strate-
gies that rely only in the use of cells at high densities can promote cell-to-cell interac-
tions and mimic the embryonic development, being the native extracellular matrix 
produced by these cells [21]. In fact, in a study where they produced cell sheets of 
mesenchymal stem cells and transplanted into osteochondral defects, their contribu-
tion to the regeneration of osteochondral defects was clearly shown [22].

Among the different types of cells studied to develop a cartilage construct, chon-
drocytes have evident advantages over other types. However, implantation of chon-
drocyte constructs showed better results in the regeneration of chondral defects than 
osteochondral defects [23]. Additionally, chondrocytes have shown other draw-
backs. In fact, only a few cells are obtained upon isolation, and these cells are known 
to dedifferentiate during proliferation, which results in the loss of their appealing 
cartilage character. For so, mesenchymal stem cells have gained popularity for 
osteochondral treatments. These cells have the ability of self-renewal and differen-
tiation into multiple lineages, including the bone and cartilage. Additionally, they 
can be isolated from different tissues, such as bone marrow, adipose tissue, and 
umbilical cord blood, among others. Although mesenchymal stem cells of different 
origins had similar characteristics, they do not have the same phenotype, nor dif-
ferentiation potential. Despite that, most of the time, the selection between each type 
is focused on the accessibility and isolation yield. Bone marrow mesenchymal stem 
cells are the best characterized, since they were the first being isolated by Friedenstein 
et al. [24], and the most used for skeletal tissue repair. Noteworthy, adipose-derived 
mesenchymal stem cells have become more relevant, once they require less invasive 
methods for isolation and require easier harvesting procedures.

The use of monolayers or sheets of mesenchymal stem cells in osteochondral 
defects showed to be mechanically instable and to require an anchorage system in 
order to retain the cells into the defect site, as the use of fibrin [25]. To overcome 
these issues, cellular agglomerates have been used. Additionally, it is known that 
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cellular agglomerates promote preferentially chondrogenesis, which can induce the 
formation of regenerated cartilage. For example, it was demonstrated that a scaffold- 
free composed of mesenchymal stem cells and its extracellular matrix was capable 
of facilitating cartilage repair [26]. Furthermore it showed to adhere to the adjacent 
cartilage, resulting into a secure integration. In a different strategy, with the intent to 
create enough thickness to fill in a defect, spheroids of bone marrow mesenchymal 
stem cells were fused [27]. This way, a columnar structure was developed without 
using scaffolds, which successfully regenerated both the bone and cartilage 
(Fig.  16.4). Additionally, promising results were observed when adipose-derived 
mesenchymal stem cells were used to obtain the columnar structure [28]. In fact, 
these cells have several advantages over bone marrow mesenchymal stem cells, 
such as their proliferation rate which doesn’t decrease with the age of the animal, 
and it is abundantly present into adipose tissue which is easily accessed.

Even so, the attachment of agglomerates to the subchondral bone is still an issue. 
In fact, it is necessary to confer stability to the implant and to allow a correct transfer 
of forces from the cartilage to the bone. With this in mind, scaffold-free strategies 
have been combined with other materials to provide fixation to the bone. For 
example, cells have been combined with porous tantalum [29]. For that, agglomerates 
of chondrocytes are produced, which results into neocartilage formation. The 
attachment of the cells to the tantalum is ensured by cartilage ingrowth into the 
pores. In a different approach, cells were combined with an interconnected 
hydroxyapatite-based artificial bone (NEOBONE®, MMT Co. Ltd.) and implanted 
in an osteochondral defect model [30]. After 6 months, it was observed an acceler-
ated and improved osteochondral repair.

Fig. 16.4 (A) Image of a columnar structure composed of fused spheroids of bone marrow mes-
enchymal stem cells. (B) Histological analysis of regeneration of osteochondral defect using a 
columnar structure. Safranin O staining of (g) columnar structure implantation at 12 weeks and (j) 
control (without any implantation) (arrows indicate the borders of the defect). Scale bar = 1 mm. 
Copyright © Ishihara et al. [27]; licensee BioMed Central Ltd. 2014

F. R. Maia et al.



361

16.4  Advanced Strategies for Osteochondral Regeneration

Tissue engineering strategies have been used to develop a next generation of 
osteochondral constructs, which promise breakthroughs in clinic practices. There 
are two main approaches for the regeneration of osteochondral tissues. The first is 
to develop scaffolds that mimic the architectural features and mechanical proper-
ties such as stiffness (and thus biological functions of native osteochondral tis-
sues) [31, 32]. The second tissue engineering approach highlights the regeneration 
of tissues per se [33]. The critical idea is to deliver appropriate biomaterials as 
artificial extracellular matrices to induce cell growth, proliferation, and differen-
tiation at the defect sites, being the regeneration of the articular cartilage and 
subchondral bone in charge of the native biological processes. These processes 
involve interactions among cells and biomolecules (e.g. growth factors and para-
crine signaling). In these cases, the extracellular matrices like materials don’t 
need to be mechanically strong to mimic the native healthy tissues and withstand 
loadings, as they only serve as short-term three-dimensional microenvironments 
for the chondrogenic/osteogenic progenitor cells to generate real cartilage and 
bone tissues.

The most recent tissue engineering approaches for the development of three- 
dimensional osteochondral models include hydrogels and bioprinted cell-laden 
hydrogels.

Hydrogels have gained increasing popularity during the past few years. Hydrogels 
are adaptable and attractive biomaterials for tissue engineering and cell therapy 
applications, due to their unique properties similar to natural extracellular matrices, 
such as high water content, biodegradability, porosity, and biocompatibility [34]. 
Depending on the unique characteristics and/or the presence of specific functional 
groups, hydrogels made from natural polymers (including their derivatives) and 
synthetic polymers can be fabricated via different cross-linking mechanisms. In 
general, there are two main mechanisms, i.e., physical cross-linking and chemical 
(covalent) cross-linking, which result in hydrogels with distinct structures and 
properties [35]. Both synthetic and natural-based hydrogels offer the ability to 
mimic various distinctive requirements of an extracellular matrix-like physico-
chemical environment.

Hydrogels based on natural polymers including chitosan, alginate, hyaluronic 
acid (HA), gellan gum (GG), agarose, collagen, gelatin, and fibroin have been 
extensively documented [35]. The use of a variety of hydrogels based on synthetic 
polymers (e.g., poly(ethylene glycol), polymer oligo(poly(ethylene glycol) fuma-
rate), polyvinyl alcohol, poly(N,Ndimethylacrylamide), and methoxy poly(ethylene 
glycol)-poly(e-caprolactone)) have also been widely reported [36–40].

Alginate hydrogels and their derivatives are one of naturally occurring polysac-
charide polymers, typically obtained from brown seaweed and various bacteria. One 
unique property of alginate is the ability to be physically cross-linked by divalent 
cations such as Ca2+ at room temperature [41]. Alginate gels are proven to maintain 
growth and proliferation of encapsulated chondrocytes, being useful in this particu-
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lar biomedical application [41]. Also, when prepared in microspheres, it was found 
that the preferable pore size on the developed microcavitary alginate hydrogel is 
80–120 μm for better growth and extracellular matrix synthesis [41]. An alternative 
approach consists of mixing decellularized and demineralized bone extracellular 
matrix together with alginate hydrogel loaded with skeletal stem cells (SSCs) and 
microparticles-encapsulated growth factors to investigate bone development and 
tissue formation in vivo. The bone extracellular matrix component was combined 
with alginate in an attempt to improve structural stability and exhibited inherent 
osteoinductive capacity leading to enhanced mineralization. It is worth noticing that 
mineralization was not further enhanced with additional growth factor concentra-
tions revealing the potential of alginate itself in osteochondral application [42]. 
Moreover, alginate hydrogels were successfully used to deliver bone progenitor 
cells, including mesenchymal stem cells for bone regeneration. Encapsulated cells 
could produce collagenous extracellular matrix that was well integrated with the 
host tissue [43]. As with any other biomaterial, it can be modified to increase its 
potential. In this sense, 45S5 bioglass was introduced into alginate hydrogels to 
generate composite hydrogel beads as cell carriers. Results confirmed that extracts 
of composite hydrogel beads could simulate proliferation and osteogenic differen-
tiation of mesenchymal stem cells as well as angiogenesis of endothelial cells [44]. 
However, alginate has some drawbacks such as the low adhesive points.

For so, other materials were investigated, as the case of chitosan. Chitosan is the 
second most abundant natural biopolymer, and it is known for its good 
biocompatibility and biodegradability. In this sense it is easy to understand why it is 
an attractive candidate material for osteochondral tissue engineering applications. 
Chitosan hydrogels prepared by enzymatic cross-linking can support the proliferation 
of chondrocytes and mesenchymal stem cells while maintaining the chondrogenic 
phenotype and morphology and boost the deposition of cartilaginous extracellular 
matrix in vitro, as depicted in Fig.  16.5 [45]. In this study, collagen type II and 
chondroitin sulfate, another molecule widely present in cartilage, were incorporated 
into injectable chitosan hydrogels, and its gelation occurred upon exposure to 
visible blue light (VBL) in the presence of riboflavin. Results show that unmodified 
chitosan hydrogel supported proliferation and deposition of cartilaginous 
extracellular matrix by encapsulated chondrocytes and mesenchymal stem cells. 
Additionally, the incorporation of native collagen type II and chondroitin sulfate 
into chitosan hydrogels revealed to be an advantage, as it further increased 
chondrogenesis [45]. Many chemical derivatizations of chitosan have been used to 
promote new biological activities and to modify its mechanical properties. The 
addition of polyol salts such as sodium glycerol phosphate to chitosan creates chi-

Fig. 16.5 (continued) Col II (MeGC/Col II-L), 0.4% w/v of Col II (MeGC/Col II-H), 0.5% w/v of 
CS (MeGC/CS-L), or 1% w/v of CS (MeGC/CS-H). Cell adhesion to the hydrogels. The scale bar 
is 10  μm. (II) Histological analysis of 3D-cultured chondrocytes in hydrogel systems during 
6-week culture. Sections are stained with safranin-O (sGAG: orange red) and immunohistochemi-
cal staining of Col II (brown) at 1, 3, and 6 weeks in culture. The scale bar is 200 μm. Reprinted 
with permission from [45]. Copyright © 2014, American Chemical Society
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Fig. 16.5 Natural hydrogels for cartilage tissue engineering. (I) SEM images of hydrogels. 
Interior morphology of MeGC (methacrylated glycol chitosan) hydrogels containing 0.2% w/v of 
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tosan-glycerol phosphate (GP), a thermosensitive hydrogel [46]. This hydrogel 
forms a viscous liquid at room temperature or below and converts into a semisolid 
gel at body temperature. This appealing characteristic leads to its investigation in 
osteochondral applications. For that, it was tested in horse joints submitted to high 
mechanical loads. Results confirm that cells were able to synthesize collagen type 
II and proteoglycans, similar to those synthesized in normal cartilage and in healing 
tissue without implant [46].

Boyer et al. [47] developed a self-hardening and mechanically reinforced hydro-
gel (Si-HPCH) composed of silanized (hydroxypropyl)methyl cellulose (Si-HPMC) 
mixed with chitosan. Subcutaneous explants of human nasal chondrocytes (hNC) 
with Si-HPMC or Si-HPCH showed the formation of cell clusters surrounded by a 
cartilage-like extracellular matrix [47]. However, allergenic reactions of chitosan 
may be an issue for its clinical translation, especially in intolerant patients, and 
should be furthered studied.

In the case of collagen, it is clearly a natural choice for osteochondral regenera-
tive medicine, since it is the most common protein found on the extracellular 
matrix, making for around 90% of the dry weight of articular cartilage [6]. 
Collagen type I hydrogel was constructed and used as a scaffold for cartilage tis-
sue engineering. It was demonstrated to exert immunoisolation effects on the 
encapsulated chondrocytes and thus enhance in vitro chondrogenesis and cartilage 
extracellular matrix formation during the culture [48]. Although collagen type I 
hydrogels alone support growth/adhesion and chondrogenic differentiation [6], 
combinations are possible, as shown by Mohan et al. [49]. The team developed a 
chitosan-hyaluronic acid dialdehyde hydrogel for in vivo cartilage regeneration. 
The hydrogel alone or in combination with encapsulated chondrocytes was applied 
for cartilage regeneration. Results show that the repair tissue formed in sham rab-
bits appeared fibrous and opaque, whereas those that received gel had texture 
similar to the surrounding native cartilage. However, there was no significant 
enhancement in the quality of regenerated cartilage in the presence of encapsu-
lated chondrocytes [49]. Parmar et  al. [50] tried to go further and recapitulate 
features of the native tissue biochemical microenvironment by adding bioactive 
and biodegradable peptide motifs. The release of the RGDS peptide from the 
degradable constructs led to significantly enhanced expression of collagen type II, 
aggrecan, and SOX9 by human mesenchymal stem cells undergoing chondrogen-
esis, as well as greater extracellular matrix accumulation, a sign of enhanced 
osteochondral regeneration [50].

Natural silk, composed of silk fibroin protein core with sericin proteins, is pro-
duced from the silkworm cocoons from Bombyx mori. Silk fibroin has become a 
new biomaterial for tissue engineering applications due to its robust mechanical 
properties, excellent biocompatibility, slow degradability, and abundant supply 
source [51]. Although it’s a relatively new biomaterial to be used in osteochondral 
applications, studies now report that highly tunable silk hydrogels will be able to 
mimic the tribological behavior of cartilage, with controlled pore sizes and opti-
mized mechanical properties. Parkes et al. [52] performed exhaustive mechanical 
tests and showed silk hydrogels with pore sizes between 10 μm and 40 μm had a 
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comparable compressive modulus to cartilage, with stiffness improved by decreas-
ing pore size [52]. Yodmuang et al. [53] developed silk microfiber-reinforced silk 
hydrogel composites with favorable chondrocyte response, even more when silk 
fiber reinforcement in the hydrogels was applied, resulting in the development of 
constructs with properties approaching those of native cartilage [53]. Combinations 
of materials are also possible, as Wu et al. [54] showed by combining chitosan/silk 
fibroin /hydroxyapatite/glycerophosphate (chitosan/SF/HA/GP) in the preparation 
of the hydrogels. Results obtained from in  vivo degradation demonstrated that 
degradation endurance of the optimized chitosan/SF/GP and chitosan/SF/HA/GP 
gels was significantly enhanced as compared to the chitosan/GP gel, and the 
degradation rate of the gels could be regulated by the SF component alone or by the 
combination of SF and HA components [54], which matches one of the most 
important requirements in osteochondral regeneration: control over degradation rate 
and its balance with the formation of new tissues.

Regarding the bone, fibroin/sodium alginate hydrogels have been used as tem-
plate for promoting controlled biomineralization of hydroxyapatite crystals for 
bone repair [55]. However promising, these last examples still need biological 
experimentation to determine how bone/cartilage cells respond to these hydrogel 
constructs.

Although incomparable in terms of biocompatibility for osteochondral cell 
growth, proliferation, and phenotype maintenance, natural biopolymers present 
some drawbacks, mainly when it comes to mechanical properties and controlled 
degradation, which are superior in synthetic polymer-based hydrogels. For instance, 
PEG-based hydrogels support adhesion and proliferation of chondrocytes, 
mesenchymal stem cells, and embryonic stem cells [36]. Three-dimensional 
hydrogels consisting of chondroitin sulfate methacrylate and poly(ethylene) glycol 
diacrylate were used to study the effects of interactions between adipose-derived 
stem cells and neonatal chondrocytes and resulted in the formation of large 
neocartilage nodules. This work shows that hydrogel composition mimics the 
function of native cartilage extracellular matrix and raises the potential of utilizing 
stem cells to catalyze tissue formation by neonatal chondrocytes via paracrine 
signaling [36].

Nowadays, a new cutting-edge technique has been used for the production of 
three-dimensional osteochondral engineered hydrogels: the bioprinting. The 
three- dimensional printing is restructuring the biotechnology field and has a 
transformative effect not only on design but also in the production of materials. 
Three-dimensional printing was first described by Charles Hull in early 1986. He 
was the first to develop a system for generating three-dimensional objects by 
creating a cross-sectional pattern of an object using UV light cross-linking. 
Then, three-dimensional printing has spread across the field and studied for its 
advantages, including precise control of the three-dimensional architectures, 
highly customizable structures, automated manufacturing processes, and rela-
tively cheap production. After the first impact came the development of different 
materials such as synthetic polymers,  cross- linkers, and cells to form three-
dimensional integral constructs. More recently, bioprinting has begun to show 
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great promise in advancing the development of functional tissue/organ replace-
ments, likely to generate well-organized tissue constructs with complex shapes 
and gradient composition/structure by a multilayered deposition process of bio-
inks and cells [35]. Nevertheless, progress in this field is currently slow due to 
limited choices of bioink for cell encapsulation and cytocompatible cross-link-
ing mechanisms. For every new complex technology that arises, it faces some 
hurdles, such as the lack appropriate mechanical strengths and structural integ-
rity that are required for maintaining their specific shapes and enduring external 
stress after implantation. Low resolution and long cell viability of cells printed 
in biomaterials make it hard to fabricate biomimetic constructs with fine struc-
tures at the nanoscale [56]. Still, there are several promising examples, such as 
the one developed by Markstedt et al. and depicted in Fig. 16.6 [57], which bio-
printed alginate-based cell-laden bioinks. The embedded chondrocytes in bio-
printed hydrogels exhibited good viability after 7 days [57]. A mixture of silk 
fibroin and gelatin cross-linked by tyrosinase revealed to be a suitable bioink and 
allowed not only the viability of mesenchymal stem cells but also their differen-
tiation into chondrocytes/osteoblasts when cultured in chondrogenic/osteogenic 
medium [57].

The idea of vascularized constructs has been a goal in tissue engineering 
since its early steps. However, engineered tissues are yet to be fully applied in 
clinical therapies due to lack of biological functions. One major obstacle regard-
ing biologically functioned tissue constructs is the need of vascular network in 
engineered tissues, since it is proven essential in engineered tissue with thick-

Fig. 16.6 Three-dimensional bioprinting. (I) Three-dimensional bioprinter 3D discovery 
(Switzerland). (II) (A) Viability of human nasoseptal chondrocytes (hNC) before and after three- 
dimensional bioprinting. Representative images showing dead (red) and live (green) cells (B) 
before and (C) after bioprinting hNC in Ink8020 and three-dimensional culture for 1 day. (D and 
E) Representative images (at 4× and 10× magnifications) showing dead and live cells in three- 
dimensional bioprinted constructs after 7 days of culture. Reprinted with permission from [57]. 
Copyright © 2015, American Chemical Society
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ness superior to 100–200  μm for transport of nutrients and oxygen to cells. 
However, the complexity of blood vessel networks makes the regeneration pro-
cess complicated. In an approach that tried to tackle the microvascular issue, 
Holmes et  al. [58] printed three-dimensional bone scaffolds with enhanced 
osteogenic bone regeneration and vascular cell growth by playing with anisotro-
pic pore patterns. Scaffolds were printed with polylactic acid and further func-
tionalized with no crystalline hydroxyapatite [58]. Promising results show 
enhanced human mesenchymal stem cell adhesion and growth on scaffolds with 
small microchannels and hydroxyapatite modification. On the other hand, scaf-
folds with large channels increased human umbilical vein endothelial cell 
growth [58].

Undertaking the issue of chondrocyte density gradient and its importance within 
the articular cartilage as a feature in cartilage tissue engineering, Ren et al. [59] 
developed a bioprinted collagen type II hydrogel/chondrocyte construct comprising 
cell density gradient. Results show that the cell density gradient distribution resulted 
in a correspondent gradient distribution of extracellular matrix and that the 
chondrocytes’ biosynthetic ability was affected by both the total cell density and the 
cell distribution pattern. However, this study was conducted in static conditions, not 
having in consideration the mechanical environment in articular cartilage, being 
further studies required to confirm these findings [59].

A different approach was used by Cui et al. [37], which used poly(ethylene gly-
col) dimethacrylate in a bioprinting system with simultaneous photopolymeriza-
tion. Human chondrocytes were printed to repair defects in osteochondral plugs in 
layer-by-layer assembly, achieving a similar native human articular cartilage com-
pressive modulus. Also, the presence of native cartilage when implanted in vivo 
promoted extracellular matrix production by the encapsulated human chondrocytes, 
and enhanced proteoglycan deposition was observed at the interface between 
printed biomaterial and native cartilage [37].

16.5  Conclusions

The fields of developmental biology and tissue engineering both pursue the under-
standing and achievement of physiological cues needed to stimulate cells to recon-
struct tissues and organs. In particular, osteochondral defect repair is still a major 
challenge for orthopedic surgeons and tissue engineers.

The main problem is that articular cartilage has a highly complex functional 
area, with different cell densities, organizations, and even cell types, with vari-
able parameters and modulators from bone and cartilage microenvironment. Also, 
the extracellular matrix composition/distribution varies from zone to zone, as 
well as the biomechanical functions for each zone. Given such complexity, there 
are many key challenges to be overcome in the regeneration of osteochondral tis-
sues. Since it has been established that three-dimensional models best recapitu-
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late the complexity of tissues, perhaps the greatest challenge is to match the 
degradation of these  three- dimensional scaffolds with the growth of cartilage and 
osteochondral tissues. The degradation rate of the scaffolds has an important 
effect on the tissue regeneration in vitro and in vivo. Other critical parameters to 
be studied are the cell source, cell differentiation, and release of growth factors, 
which have to be fine-tuned to obtain the best results on the macroscale as well as 
on micro- and nanoscales.

Conveniently, progresses have been made in this area, especially in the last 
decade, in order to tackle these issues. Advanced manufacturing techniques includ-
ing microfluidic biofabrication and bioprinting have been developed to generate 
cell-laden hydrogel constructs with gradient composition and organized zonal 
architecture to mimic native osteochondral and cartilage tissues, promising next-
generation personalized therapeutics. However, it remains a great challenge to 
regenerate cartilage and osteochondral tissues with fully restored zonal composi-
tion, structure, and functions. Furthermore, the translation to the clinic requires a 
meticulous choice of the most suitable techniques and materials with robust fea-
tures such as mechanical properties, compatibility, degradability, and regenerative 
potential assessed in appropriate preclinical trials.
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Chapter 17
In Vitro Mimetic Models for the  
Bone-Cartilage Interface Regeneration

Diana Bicho, Sandra Pina, J. Miguel Oliveira, and Rui L. Reis

Abstract In embryonic development, pure cartilage structures are in the basis of 
bone-cartilage interfaces. Despite this fact, the mature bone and cartilage structures 
can vary greatly in composition and function. Nevertheless, they collaborate in the 
osteochondral region to create a smooth transition zone that supports the move-
ments and forces resulting from the daily activities. In this sense, all the hierarchical 
organization is involved in the maintenance and reestablishment of the equilibrium 
in case of damage. Therefore, this interface has attracted a great deal of interest in 
order to understand the mechanisms of regeneration or disease progression in osteo-
arthritis. With that purpose, in vitro tissue models (either static or dynamic) have 
been studied. Static in vitro tissue models include monocultures, co-cultures, 3D 
cultures, and ex  vivo cultures, mostly cultivated in flat surfaces, while dynamic 
models involve the use of bioreactors and microfluidic systems. The latter have 
emerged as alternatives to study the cellular interactions in a more authentic manner 
over some disadvantages of the static models. The current alternatives of in vitro 
mimetic models for bone-cartilage interface regeneration are overviewed and dis-
cussed herein.
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17.1  Introduction

In the embryonic stage, after the formation of long bones from blastema (embryonic 
mesenchymal stem cells), a cartilaginous structure (or cartilage anlage) highly rich 
in collagen type II is formed. This structure will continue to grow until a thin 
vascularized calcified layer within the bone-cartilage interface is also formed [1]. 
This layer is on the basis of the articular cartilage, but the mechanisms that lead to 
its formation are still not completely understood [2]. During the postnatal period, 
the thick neonatal articular cartilage starts thinning due to its load-bearing activity, 
and the bone develops layer by layer through an oppositional expansion around the 
blood vessels and subjacent to the calcified cartilage [3, 4].

The bone-cartilage interface helps to maintain the structural functionality of 
the osteochondral (OC) entity. This structure possesses a thickness of approxi-
mately 100–200 μm and is composed of four interconnected structures, namely, 
hyaline cartilage, a thin layer of calcified cartilage, and subchondral and cancel-
lous bone [5]. Different types of cells are involved in the structured composition 
of these uninterrupted compartments, namely, chondrocytes, hypertrophic chon-
drocytes, and osteoblasts [6, 7]. These cells are important in daily routine activi-
ties, in load- bearing applications, and allow a smooth motion of the joint. 
Moreover, during the correct performance of such activities, some types of forces, 
including tensile, compressive, and shear forces, are transmitted from the articular 
cartilage to the subchondral bone [1, 8]. Therefore, it is understandable that any 
change in the arrangement and composition of the bone-cartilage interface results 
in disturbances of the joint integrity and in the consequent loss of function, thus 
causing OC defects and lesions. This type of defects refers to significant injuries 
that affect both articular cartilage and subchondral bone and present limited 
regenerative capacity usually leading to Osteoarthritis (OA), one of the most inca-
pacitating degenerative diseases [9].

Current strategies to treat large OC defects include noninvasive treatments such 
as the immobilization and the administration of nonsteroidal anti-inflammatory 
drugs, which only can provide symptomatic relief. Alternative methods that start 
with debridement of the lesion are also applied to remove the degenerated calcified 
cartilage or other joint components [10]. Another technique applied in the treat-
ment of OC defects can involve drilling the underlying subchondral bone, which 
allows the formation of a blood clot rich in mesenchymal stem cells (MSCs) aiming 
their differentiation into the cell types present in the damaged tissues [11]. The use 
of autologous tissue transplantation is specially indicated for the implantation of 
hyaline-like cartilage. This technique makes use of cartilage that is removed by 
arthroscopy, from minor load-bearing area, and after in vitro growth, the chondro-
cytes are applied in the lesion site. However, this technique have short number of 
studies, and only one commercial ACI technique has the Food and Drug 
Administration (FDA) approval [12]. Finally, the implantation of artificial joints 
also represents an alternative to treat OC defects. Nevertheless, the prosthesis usu-
ally lasts around 20 years, can be loose after some time, or even cause infections, 
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years after the surgery [13]. In this sense, new findings have led to improvements 
in an attempt to regenerate hyaline cartilage and subchondral bone [14, 15]. For 
instance, mosaicplasty represents a technique that focuses on OC plugs to fill artic-
ular cartilage defects. Though, it is limited by the area of the injury and the local 
site morbidity [16]. For that reason, the best solution for the complete regeneration 
of the bone-cartilage interface needs further research efforts. Therefore, different 
sources of tissues, cells, and matrices (Fig. 17.1) have been used to study the heal-
ing process of OC defects through in  vitro models. However, some extra care 
should be taken, due to the hurdles related with in vitro models for OC studies [17]. 
First, it is important to bear in mind that different conditions are needed to mimic 
bone and cartilage considering their specific structure and composition. Bone is in 
contact with vasculature and bone marrow in a normoxic environment [18]. On the 
other hand, cartilage is imbibed in a hydrated viscoelastic matrix, and as deeper as 
we go in the tissue, less oxygen is needed to its homeostasis (2–4%) [19]. In fact, it 
is known that hypoxia is a strong promoter of matrix deposition by the chondro-
cytes [20]. In order to replicate these environments, different conditions are 
required, for example, growth media and 3D structures in case of using 3D cell 
culture. The second hurdle is related to the mechanical properties of the interface, 
a feature determined by matrix composition, water content, and structure of each 
tissue [21]. Finally, the third challenge when envisioning the development of an 

Tissue explant

Decellularized matrix

Cell isolation 

Osteocytes

Cartilage

Bone

Chondrocytes

Fig. 17.1 Schematic representation of the sources extracted from bone and cartilage tissues in 
order to study the crosstalk in the inflammation, vascularization, and ossification processes during 
OA, as well as the interface regeneration mechanism

17 In Vitro Mimetic Models for the Bone-Cartilage Interface Regeneration



376

in vitro bone-cartilage model is related with mechanobiological stimulation, which 
refers to the cellular responses triggered by mechanical forces. In the construction 
of this type of models, the force that influences that has the biggest impact in bone 
and cartilage cells is generally controlled compression [22].

This chapter is focused on the most commonly used in vitro mimetic models, 
both in static and dynamic conditions, for the repair and regeneration of bone- 
cartilage interface. Table  17.1 summarizes the advantages and limitations of the 
available in vitro bone-cartilage interface models in order to develop suitable thera-
peutic approaches.

Table 17.1 Advantages and limitations of the available in vitro mimetic models for the regeneration 
of bone-cartilage interface

Model Advantages Limitations Ref

Static vitro models

Monoculture Cheap
Easy to handle and optimize
Fast expansion of cellular 
samples

Do not mimic in vivo conditions: 
Cells lose their histological 
organization and biochemical 
behavior
The phenotype is changed without 
their natural ECM

[25, 
26]

Co-culture Easy to handle with fast 
expansion
Crosstalk between cells can be 
studied

Different medium culture conditions 
must be considered for each type of 
cell

[33, 
35]

3D culture Important to simulate in vivo 
conditions
Gives 3D support to the cells
Mechanomodulation

The structures are not resistant 
enough to support load bearing 
forces
After seeding, the isolation and 
expansion of cells is necessary

[63, 
78]

Ex vivo 
culture

Preservation of the histological 
structure
Maintenance of the in vivo 
conditions for a determined 
period of time

Cell death at cut edge of tissue
Necrosis of the central zone of the 
explant after a few days: Insufficient 
oxygen access
Physical features can change in vitro

[80, 
81]

Dynamic in vitro models

Bioreactors Minimize the risk of 
contamination
Reduce the costs associated with 
in vitro cell culture

Insufficient mechanical stress
Difficult to monitor the accurate 
physiological state

[85, 
86, 93]

Microfluidics Automation and real-time, 
on-chip analysis and data 
acquisition
Controlled cultures with 
perfusion
Low consumption of reagents
Reduced contamination risk

Expensive and complex chip design 
and operational control
Limited by dimensions, which 
makes it difficult to achieve large 
tissues and organs

[96, 
102, 
103]
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17.2  Static In Vitro Models

Static in vitro models refer to assays where the cells are allowed to settle on 2D or 
3D adhesive substrates cultured with no flow and no mechanical stimulation [23]. 
These models are highly used because they are easy to handle and provide high 
throughput screening. In addition, their maintenance is cheap and no specialized 
laboratory equipment is needed. However, they can fail to mimic dynamic in vivo 
conditions of the human body, providing sometimes ambiguous results with regard 
to specific receptors, growth factor release, gene and protein expression, and even 
cellular proliferation, viability, and differentiation [24]. In this section, it is discussed 
two-dimensional (2D) and three-dimensional (3D) mono- and co-cultures and 
ex vivo cultures.

17.2.1  Monocultures

The majority of the studies using cell lines are developed in 2D monocultures. 
Conventional 2D cultures are preferably used by culturing cells in flat surfaces like 
Petri dishes, or in culture flasks, granting easy environment manipulation and 
similar access to nutrients and stimulus to the cell population [25]. Cell viability can 
be maintained by a monoculture of low density of cells that are in continuous contact 
with culture medium. The main problem arises when these conventional cultures 
need to be scaled up, since they need several changes of culture medium, increasing 
the risk of infection [26]. Nevertheless, the results obtained provide important 
conclusions that can set the course of a research line.

The initial in vitro techniques used to study chondrocyte differentiation required 
high density of confluent monocultures. These studies used embryonic limb bud 
mesenchymal cells from chick or mouse [27]. More recently, it was studied the 
monoculture of sclerotic osteoblasts from OA patients in comparison with non- 
sclerotic osteoblasts [28]. The data showed that sclerotic cells presented higher gene 
expression levels of matrix metalloproteinase 13 (MMP13), COL1A1 and COL1A2, 
osteopontin (OPN), alkaline phosphatase (ALP), osteocalcin (OCN), and vascular 
endothelial growth factor (VEGF). These parameters are indicative of matrix 
degradation in the bone-cartilage interface, which is evidenced by the osteoclast 
activation (showed by the high values of MMP13, OCN, and ALP). In addition, 
OPN and OCN are potent inhibitors of hydroxyapatite crystal formation, reinforcing 
the bone matrix degradation phenomenon. In the particular case of OA, these 
observations elucidate the reason why the extracellular matrix (ECM) in the sclerotic 
areas presents low mineralization [29]. Another study using monoculture in 
comparison to micro-masses not only described the relevance of using chondrocyte 
cell lines (chondrosarcoma cell lines, JJO12 and H-EMC-SS, and the immortalized 
chondrocytes, C-28/I2) and primary adult human chondrocytes to achieve anabolic 
and catabolic responses but also investigated the properties of chondroprotective 
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and anti-inflammatory drug effect [30]. However, because C-28/I2 had chondrocyte- 
like phenotype, they were chosen to produce micromasses to test several stimuli in 
order to study matrix anabolism and catabolism in chondrocytic cells. The results 
showed that C-28/I2 micromasses allowed the accumulation of glycosaminoglycan 
(GAG) which is an important factor of chondrocytic phenotype. Likewise, the 
retrospective validation of bioactive agents already tested in vivo showed comparable 
results using the system of C-28/I2 micromasses, giving confidence for this protocol 
as an alternative to assays based on primary cells. Finally, it was reported that high- 
density micromass cultures of these cell lines represent a reliable tool to study 
chondrocytes processes showing its advantages over monocultures. In fact, since 
the development of micromass cultures by Solursh and co-workers, that technique 
was regarded as a convenient way to analyze some biological processes [31]. 
Osteoblasts cultured in monocultures represents the most frequent method to 
investigate the effect of growth, differentiation, disease progression, and angiogenesis 
in vitro [32].

The works herein described refer to monocultures of bone and cartilage. However, 
their interface should be studied in co-cultures preferably under 3D conditions, 
mostly because monocultures are not able to mimic in vivo conditions, leading to 
possible changes in phenotype.

17.2.2  Co-Cultures

The surrounding environment of living organisms is highly dynamic, and it involves 
other cell types and compounds that usually influence cell response and function 
and gene expression. Therefore, when trying to mimic multilayered tissues, or tissue 
interfaces such as bone-cartilage interface, 2D or 3D cell co-cultures are very useful 
to evaluate the mechanism of vascularization [33], bone [34, 35], cartilage [36], and 
OC tissue regeneration [37].

In co-culture systems, critical parameters like the type of cells, culture media, 
and the order by which cells are cultured, or even the system used for the culture, 
will greatly influence the maintenance of the physiological patterns and phenotypic 
characteristics of the cells. Even though these technical details still need some 
optimization, the approach of co-culturing cells is advantageous to study interfaces 
and to reduce the time and production costs of engineered technologies, allowing an 
easier translation to the clinic [38]. For instance, some works have proved that 
in  vitro co-culture has the benefit of allowing the differentiation of MSCs into 
chondrocytes, as long as they are in co-culture with chondrocytes, with specific 
cocktails of growth factors [39, 40]. This feature is due to the trophic effects and 
direct cell-to-cell contact employed by both MSCs and chondrocyte cell types [41]. 
Some of the factors that are secreted by mature cartilage are transforming growth 
factor-β (TGF-β) and insulin-like growth factor-1 (IGF-1), which induce chondrocyte 
differentiation of BMSCs in co-cultures [42]. The chondroinduction is influenced 
via the integrins of the ECM and via gap junction in the cell-to-cell contact or 
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transmembrane protein such as cadherins [43]. In another study, cadaveric primary 
chondrocytes were used in co-culture with cells having different passages, to explore 
the possibility of using cells, from allogenic cartilage in a sufficient number that 
allowed the repair of injured zones. Collagen membrane (Geistlich Bio-Gide®), 
with and without co-cultured chondrocytes, were implanted in the subcutaneous 
tissue of athymic mice and left to grow for 3 months. The data showed no significant 
difference between the numbers of chondrocytes isolated from live and cadaveric 
donors (48 h post-death), in terms of its ability to form cartilage-like tissue [44]. A 
different approach was applied by Zhong et  al. [45] who explored the paracrine 
action of adipose-derived stem cells (ASCs) on chondrocytes by screening the 
presence of specific growth factors (Fig. 17.2). The co-culture showed an increase 
of bone morphogenetic protein-2 (BMP-2), vascular endothelial growth factor β 
(VEGF- β), hypoxia-inducible factor-1α (HIF-1α), fibroblast growth factor-2 (FGF- 
2), and TGF-β1 suggesting that the crosstalk between ASCs and chondrocytes is 
beneficial for the regeneration of injured cartilage. Data from a preclinical study 
that used a murine model with induced OA treated with a single injection of ASCs 
showed the inhibition of synovial activation and formation of chondrophyte/
osteophyte, as well as cartilage destruction probably due to the macrophage 
suppression [46]. In general terms, this suggests that the secretome of ASCs 
possesses several biological factors that influence pathways important for the 
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Fig. 17.2 Immunofluorescent staining of the 2D cultures of ASCs and chondrocytes after 7 days 
of mono- and co-culture. Cell morphological features are shown in phase-contrast (first line) and 
with immunofluorescent staining for the cytoskeleton (second line) and nucleus (third line). These 
show that the cells cultured with low-density serum in the media maintained their normal cellular 
viability and complete cellular integrity. (Adapted with permission from [45]. Copyright © 2016 
Sichuan University)
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cellular activation and molecular processes of crosstalk, namely, the protective 
effect of ASCs exerted in endogenous cartilage.

In the context of bone tissue engineering, co-culture systems have also been 
exploited to study differentiation processes. Schulze and co-workers have developed 
an elegant bone cell co-culture with human bone marrow stromal cells (hBMSC) 
and human peripheral blood monocytes (hPBMC) as osteoblast/osteoclast precursor 
cells, respectively [47]. The purpose was to avoid external supplements for the 
induction of differentiation preventing possible adverse effects. The direct co-culture 
proved itself efficient in bone cell crosstalk while showing osteoclastogenesis effect 
of hBMSC in hPBMC.  In contrast, indirect co-culture exhibited reduced matrix 
resorption pointing out the importance of the cell-to-cell contact. Likewise, other 
co-culture platforms have been used to study the ossification process using MSCs. 
Specifically, in endochondral ossification it is possible to observe the gene expression 
gradation in chondrocytes, mesenchymal cells, and osteoblasts [48]. For example, 
hypertrophic chondrocytes resident in the OC interface show upregulation of 
Osterix and Runx2 essential in bone formation but also collagen type X that is 
expressed by hypertrophic chondrocytes during endochondral ossification. In 
addition, the matrix around the late hypertrophic chondrocytes is mineralized 
through deposition of hydroxyapatite. The angiogenic factors VEGF and FGF-2 are 
also increased due to the vascularized matrix in the bone-cartilage interface [49–
51]. It has been also reported that OC defects of the femoral patellar groove can be 
regenerated even with low doses of BMP-2 produced by Escherichia coli [52].

In vascularization, the uses of co-cultures have been widely employed to under-
stand the mechanisms that rule this complex process. Even though, when in mono-
culture, endothelial cells (ECs) only form tubes characteristic of blood vessels when 
supplemented with angiogenic factors, in co-culture with fibroblasts or osteoblasts, 
due to the crosstalk between the cells, the vessel-like structures can be generated 
without resorting to external supplements [53, 54]. Nonetheless, it should be kept in 
mind that ECs only form cord-like structures in 2D cultures. It is only under 3D 
culture that ECs can form tube structures with lumen that enable the blood/fluids to 
flow [55]. The development of lumen can be achieved if the cells in co-culture 
secrete enough ECM to encapsulate the ECs [56]. Evensen et al. showed that after 
1 week of co-culturing ECs with vascular smooth muscle cells (vSMCs), the cells 
experienced some phenotypical changes that resulted in an interconnected network 
that can be maintained in culture for several weeks [57]. Moreover, in the same 
study, primary human microvascular endothelial cells (HuMVECs), primary human 
umbilical cord vein endothelial cells (HUVECs), and osteoblasts were co-cultured 
with vSMCs and were able to develop indistinguishable networks. It was shown that 
EC proliferation is inhibited in co-culture, instead they become highly migratory 
during the first 72 h in the presence of MSCs, and form interconnected anastomosed 
endothelial networks. This can be attributed to the fact that the co-cultured cells can 
function as supporting cells to ECs and are able to express angiogenic factors that 
guide tube formation through a paracrine effect [38]. Another example of co-culture 
with the aim to recover poor vascular supply in bone healing used ASCs and 
BMSCs. The culture consisted in a trans-well having a monoculture of BMSC on 
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the lower well and ASCs in the upper well. The results showed higher level of 
VEGF expression, osteogenic differentiation, and greater mineralization when com-
pared with the control (monoculture of BMSC) [58]. Nevertheless, some cells pres-
ent an antagonist effect. As example, culturing HuMVECs in 3D fibrin and collagen 
gels led to the formation of capillary-like networks, if cells are supplemented with 
the proper growth factor and not with chondrocytes or chondrocyte conditioned 
media [59].

As referred above, co-cultures can be useful to better understand the bone- 
cartilage interface, which represents a complex synergy presenting probably both 
molecular and biochemical crosstalk between cells within the structure. Data has 
shown that the crosstalk is elevated in OA, in which the microfractures of the bone 
increase vascularization and facilitate the transport of biomolecules between bone 
and cartilage [60, 61]. These results were accomplished using a photobleaching 
(FLIP) method to monitor a low molecular weight fluorescent marker (0.12 mg/mL 
sodium fluorescein) perfused in articular surfaces or in the epiphyses of the 
subchondral bone without any damage of this structure [62]. In another perspective, 
the study of the interaction between zonal populations of the articular cartilage was 
performed. To this end, co-culture models were established using surface, middle, 
and deep zones of the articular cartilage. It was found that cellular interactions, 
particularly between surface and deep zones, are critical for the inhibition of the 
mineralization in the deep zone. Besides, the regulation of chondrocyte mineralization 
is regulated by local paracrine factors, such as parathyroid hormone-related peptide 
(PTHrP). Accordingly, the upregulation of PTHrP was only measured in co-culture 
suggesting that cellular interaction between the surface and deep zone is a 
prerequisite for its secretion [63]. Some works exploring the co-culture of osteoblasts 
and chondrocytes have suggested that heterotypic cellular communications may 
also be relevant for regulating articular chondrocyte mineralization in a condition 
similar to the in vivo [28, 63].

Although this type of model provides a more representative in vivo-like tissue 
structure and allows the study of the crosstalk between cells in interfaces, it still 
needs special attention regarding the culture conditions. This is important because 
different cells need different conditions to grow, which in turn may lead to 
phenotypes not present in the primary lines [33].

17.2.3  3D Cultures

The 3D cultures can make use of natural or synthetic-based scaffolds possibly open-
ing up new prospects in the manipulation, stimulation, and recording of OC activity 
in bone-cartilage interfaces. This type of culture creates artificial 3D environments 
that allow cells to grow in all directions, providing more physiologically relevant 
information to mimic in vivo environments. It is particularly important for chondro-
cytes since they lose their phenotype in monoculture, unlike osteoblasts that are 
anchorage-dependent. Therefore, optimization of the co-culture seeding led to a 
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sequential culturing protocol where a high density of chondrocytes is initially 
seeded and then, osteoblasts are incorporated [63]. Under these conditions, the 
capacity of osteoblasts to maintain their phenotype can vary greatly. However, the 
seeding of micromasses during osteoblast culture has been shown to be advantageous 
for osteoblasts maturation [32]. As a result, biphasic and multilayered scaffolds 
have been developed as a suitable alternative to engineered OC constructs. For 
example, recently Çakmak et al. designed a 3D scaffold possessing three different 
layers of silk fibroin (SF) from Bombyx mori cocoons and peptide amphiphile (PA) 
hydrogels, suitable for bone and cartilage tissues, respectively [64]. Firstly, the bone 
and cartilage layers were prepared separately using 6% (w/v) of SF plus 5% (w/w) 
of hydroxyapatite (HAp) and 1.5% (w/v) of PA-RGDS. During 2 weeks, hBMSCs 
were cultured in the SF  +  HAp layer with osteogenic media, while hACs were 
encapsulated and cultured inside the PA-RGDS layer, using chondrogenic media. 
Then, both layers were combined with an interface layer of soft silk sponge (Silk-IS) 
with 4% (w/v) SF. Finally, the construct was kept in an OC cocktail medium without 
any growth factor. The analysis of the gene expression allowed speculating that 
hACs in the PA-RGDS initiated their chondrocytic activity at the beginning of the 
first week. On the other hand, the mineralization of hBMSCs was observed specially 
on the pore walls of the silk scaffolds that became thicker and darker, due to the 
higher calcium deposition in the co-culture system. One of the biggest challenges of 
this area is to engineer anatomically accurate OC constructs. Therefore, researchers 
have been taking advantage of BMSC which have a natural tendency to become 
hypertrophic chondrocytes and also experience endochondral ossification [65–67]. 
Mesallati et al. developed an OC construct suitable for partial or total resurfacing of 
diseased joints (Fig.  17.3) [37]. They demonstrated that BSMCSs seeded in 
cylindrical alginate hydrogels were able to support the in vivo osseous component 
(bottom layer) of the construct. Then, the chondral layer (top) of the bilayered 
construct was molded using a cell suspension in a 2% (w/v) agarose gel or using a 
self-assembly approach. Several cells were tested in this layer, namely, chondrocytes, 
BMSCs, infrapatellar fat pad-derived stem cells (FPSCs), a co-culture of BMSCs 
plus chondrocytes (with 4:1 ratio), and FPSC plus chondrocytes (with 4:1 ratio). In 
vivo results showed that OC constructs were better integrated in the chondral layer 
when co-cultures were used. Specifically, the co-culture of BMSC and chondrocytes 
produced a homogenous and phenotypically stable layer of articular cartilage. Data 
also suggested that endochondral ossification can progress in the osseous region of 
the implant (collagen type I and type X were detected), despite the presence of 
chondrocytes in the top chondral region of the implant.

Another technique applied to produce scaffolds is based on the ability to mimic 
structural features of natural interfaces to support gradual mechanical stress and 
functional tissue regeneration. Accordingly, aligned scaffolds have been developed 
in order to facilitate the cell adhesion and to prepare suitable porosity for long-term 
cell colonization and adequate cell–material interactions [68]. For example, Tellado 
et al. developed aligned SF constructs to simulate the gradient of the natural collagen 
molecules present at the tendon/ligament-to-bone interface [69]. These structures 
had two types of pore alignment, i.e., anisotropic at the tendon/ligament side and 
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isotropic at the bone side. According to the reported results, isotropic scaffolds were 
more promising for this purpose given their smooth transition zone in which the 
lamellar pores penetrated the round pores. This smoother transition zone may have 
resulted in enhanced mechanical behavior for isotropic scaffold. The data obtained 
with the seeding of ASCs in isotropic structures showed a decrease over the time in 
the gene expression of collagen type I and collagen type III, reinforcing the 
application in tissue engineering tendon/ligament-to-bone.

One of the most used strategies to mimic the organization of articular cartilage 
and subchondral bone with the intention to treat OC defects has been bilayered 
scaffolds [70]. Bilayered scaffolds allow to better mimic the native ECM for each 
tissue type. Naturally, this type of hybrid strategy is more complex than strategies 
aiming to replace single tissues. However, they exhibit increased importance since 
the presence of a proper bone-cartilage interface prevents the growth of osseous into 
the chondral layer. With this in mind, Oliveira et al. [71] prepared a hydroxyapatite−/
chitosan-based (HA/CS) bilayered scaffold to be potentially applied in OC defects. 
Cell culture studies carried out using goat marrow stromal cells showed adequate 
support for the attachment, proliferation, and differentiation of these cells into 
osteoblasts and chondrocytes. Additionally, physicochemical tests showed the great 
potential of these constructs for TE strategies. In another work, Yan et  al. [72] 
prepared silk/nano-CaP bilayered scaffolds having 16% wt. silk in the cartilage-like 
layer and the osseous layer containing 16% wt. silk with CaP (hydroxyapatite) that 
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Fig. 17.3 Representation of preimplantation of 3D bilayered constructs constituted by chondro-
cytes (CCs) in the top layer (chondral) and bone marrow-derived MSCs (BMSCs) in the bottom 
layer (osseous). (a) Experimental setup of bilayered constructs, with the chondral layers formed 
through agarose encapsulation or self-assembly (SA). (b) Macroscopic images of the scaffold after 
6 weeks of culture in vitro. (Adapted with permission from [37])
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was in situ synthesized in the silk solution. The scaffolds presented a continuous 
porous and interconnected structure in the construct with good integration, proper 
hydration degree, and superior mechanical properties.

Decellularized matrices have been proposed for allogenic or xenogeneic scaf-
folds in OC tissue engineering, due to their ability to recruit stem cells without add-
ing any biological factors [73, 74]. However, it is still unclear if a complete 
decellularization of articular cartilage is needed, but it is well accepted that this 
process may reduce immune responses [75]. Johnson et al. treated 36 patients with 
average OC defects of 2.3 cm2 using decellularized OC allograft plugs [76]. The 
treated patients had an average follow-up of 15 months with MRI, and ten of the 
evaluated patients were considered failures because the scaffolds were not retained. 
Sometime after the surgery, the repaired zone experienced a full-thickness loss of 
cartilage together with cystic change, irregularity, and depression. In this sense, the 
authors advised on the cautions when using decellularized OC allograft plugs. As 
alternative, the matrix components of the decellularized matrix may be conjugated 
with other biomaterials to improve some characteristics of the constructs. As an 
example, Vindas Bolaños et al. applied a cartilage-derived matrix (CDM) scaffold 
with decellularized cartilage from horses and a 3D printed composite scaffold with 
CDM and calcium phosphate to fill OC defects in the femuropatellar joints of horses 
[77]. Histological analysis showed predominantly fibrotic repair tissue with limited 
quantity of GAGs and collagen type II, but high quantity of collagen type 
I. Biomechanical analysis revealed that the scaffolds were very soft and had less 
stiffness when compared with normal adjacent tissue. The equine models only 
showed mild lameness with limited filling of the defect.

Although 3D structures represent a great improvement in cell culture, the diffu-
sion of oxygen, metabolites, and nutrients through the scaffolds represents the 
greatest disadvantage of these static systems [78].

17.2.4  Ex Vivo Cultures

Ex vivo cultures can involve the extraction of pieces of tissue, or organs, in extreme 
sterile conditions and their culture in conditions similar to in vivo [79]. The use of 
ex  vivo tissue model for OC interface studies represents an added value in this 
research field, mostly because it encloses osteoblasts, osteoclasts, and chondrocytes. 
The mouse femoral head is the explant culture mostly used for bone modeling and 
cartilage ECM degradation, signaling, and cell communication, as well to evaluate 
the potential of a given compound before in vivo tests [80]. Madsen et al. utilized 
murine femoral heads to induce catabolic (using oncostatin M (OSM)  +  tumor 
necrosis factor (TNF)-α) and anabolic responses  (with insulin-like growth factor 
(IGF)-I). The results showed that catabolic stimulation decreases the quantity of 
proteoglycans that can increase the release of collagen and sulfated 
glycosaminoglycans (GAG) and increases the osteoclast number and bone 
resorption. Additionally, it was shown that the ex  vivo model is able to induce 
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cartilage formation and degradation, by anabolic or catabolic stimulation, 
respectively [81]. De Vries-van Melle et al. arranged bovine OC biopsies in which 
different depths of cartilage defects were prepared to study the applicability of its 
reparation in vitro by seeding cells in these defects [82]. The data demonstrated that 
this OC model was viable during 28 days showing low levels of lactate dehydrogenase 
(LDH), mRNA retrievable, and positive expression in subchondral bone genes. 
Specifically, tartrate-resistant acid phosphatase (TRAP), calcein, and ALP levels 
showed osteoclast activity, matrix deposition, and bone remodeling during the 
period of culture. Even though OC biopsies were not equal after the 28 days, it was 
verified the significance of the subchondral bone to heal the articular cartilage. 
Therefore, this model provides a more representative system of the in  vivo 
metabolism. However, the viability of these tissues is very short, especially because 
insufficient oxygen and nutrients diffuse into the central zone of the explant leading 
to necrosis.

17.3  Dynamic In Vitro Models

Dynamic culture systems aim to provide an environment similar to in vivo condi-
tions with a continuous supply of oxygen and nutrients, as well as mechanobiologi-
cal conditions. The bioreactors and microfluidic systems used in dynamic in vitro 
models are presented and discussed herein.

17.3.1  Bioreactors Systems

Most of the findings described until now underline the importance of the bone- 
cartilage interface communication as a key to understand the histogenesis and bio-
logical mechanisms behind the chondral and osseous components. Consequently, in 
an attempt to replicate in vivo physiological conditions in OC treatments, bioreac-
tors (Fig. 17.4) have emerged as a promising technology to explore [15]. Bioreactors 
enable the automation of in vitro cell culture, and they were specially designed to 
overcome the decrease of nutrients in the center of the scaffolds, one of the biggest 
challenges when dealing with 3D structures.

This technology emerged as a way to allow the dynamic cultivation of cells 
under controlled conditions of temperature, pH, CO2, O2 diffusion, shear rates, and 
controlled culture media flow [84]. For example, in a study developed by Grayson 
and co-workers, it was investigated the effect of different factors in cell growth and 
differentiation in biphasic OC constructs using either statically cultured or a 
bioreactor with medium perfusion through the bone region. The results showed that 
static culture of undifferentiated hMSCs in chondrogenic medium simulated the 
best cartilage properties, but pre-differentiated osteoblasts in perfusion or 
undifferentiated hMSCs in cocktail medium had the best osteogenic response. The 

17 In Vitro Mimetic Models for the Bone-Cartilage Interface Regeneration



386

interface formed in these biphasic constructs is different from what happens in 
living tissues where the crosstalk between bone and cartilage occurs through 
mineralized cartilage. These conclusions supported the notion that OC conditions 
can be simultaneously established in a bioreactor developed with two compartments 
to enable different stimulus to be given to cells [85]. Thus, it is important that 
nutrients and growth factors be in a homogeneous distribution within the structure. 
In this sense, studies have been reported dual-chamber bioreactors, providing 
specific medias for bone and cartilage [86, 87]. As an example, Canadas et  al. 
developed a dual-chamber bioreactor that allows each chamber to have different 
conditions to test the dynamics of different interfaces and to test the secretomes of 
different cell lines in a co-culture [88]. In the same way, Lozito et al. produced an 
OC scaffold consisting in a layered composite with bone, OC interface, cartilage, 
and synovium, using a dual-chamber bioreactor with perfusion [89]. The cartilage 
layer was produced with MSCs seeded in a cross-linked collagen/chitosan gel and 
TGF-β3. In turn, the synovial lining had MSCs seeded in cross-linked polyethylene 
glycol (PEG), with or without noninductive medium. The bone construct was 
peripherally surrounded by ECs to simulate the biological effects of blood vessels 
and the vasculature on OA. Additionally, physical and chemical stimulation of the 
cells intended to mimic responses to mechanical, pathological, and inflammatory 
insults within the micro-tissue system [15].

Bioreactors have been often applied to test different mechanical forces to form, 
maintain, and change the dynamic and function of 3D living tissues [90, 91]. These 
types of studies have demonstrated the importance of chondroinductive and 
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chondrodestructive forces. As an example of the biomechanical stimuli as 
chondroinductive agent in embryonic fibroblasts, the application of an hydrostatic 
pressure of 5 MPa, 1 Hz, results in twofold increase in collagen synthesis and GAG 
production [92]. In bone, mechanical stimulation has shown that cells are more 
responsive to fluid flow than to mechanical strain given that no biochemical 
responses were detected with mechanical strains of less than 0,5% [83]. In general, 
there is an improvement in cell proliferation and expression of osteogenic markers 
in perfusion reactors; however, this is often dependent of the oscillating flow, steady 
flow, or other mechanisms [93, 94].

As stated above, bioreactors represent great potential for OC constructs to repair 
defect/injuries in the clinic media. Furthermore, these dynamic cell-culturing 
platforms enable an extensive monitoring and precise control of specific parameters 
that impact 3D cell cultures, providing also the possibility to study the function of 
engineered OC tissue with minimal risk of contamination. In the future, bioreactors 
can reach the clinic as automated approaches to manufacture OC scaffolds ready to 
be implanted into the patient where the scaffold would degrade leaving only the 
regenerated tissue.

17.3.2  Microfluidics

Microfluidics refers to the science and technology that uses small amounts (10−9–
10−18 liters) of precisely manipulated fluids that are conducted into channels with 
tens of hundreds of micrometers [95]. Microfluidic devices are able to control 
several soluble and physical factors simultaneously with high precision and 
sensitivity [96]. This technology offers a versatile platform and an analytical system 
in several biomedical applications: genetic assays, protein studies, intracellular 
signaling, drug discovery and testing, molecule and pathogen detection, cell culture, 
and tissue engineering [97–99]. Goldman and co-workers utilized a microfluidic 
hydrogel platform to stimulate OC phenotypes through spatially directed 
differentiation of bovine MSCs [100]. These researchers designed independent 
microfluidic networks and evaluated the constructs after 2 weeks of culture for the 
presence of differential gene expression and matrix composition between the 
osteogenic and chondrogenic layers. The authors studied the ability of 
mechanochemical cues, provided by the microfluidic network, to alter the phenotype 
of the MSCs through gene expression analysis, biochemical composition, and 
histological staining. Specifically, the chondrogenic region had higher content of 
GAGs and collagen type II, while the osteogenic region presented significantly 
higher expression of collagen type I and type X with increase of alizarin red staining. 
These findings are an important step in the design of an OC in vitro system for the 
future optimization of scaffolding formulations and bioprocessing parameters. 
Regarding physical stimulation of stem cells to improve osteogenic differentiation, 
Kim and co-workers used hMSCs within an osmotic pump-driven microfluidic chip 
that generated low shear stress. The results showed a significant increase of the 
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nuclear and transcriptional activity of TAZ (transcriptional coactivator with PDZ- 
binding motif), which means an easier OC differentiation [101].

In brief, microfluidic systems can easily integrate biosensors to noninvasively 
detect cellular physiological parameters and to analyze external stimuli in situ. This 
type of devices can also incorporate separated chambers to co-culture cells and 
allow the study of interfaces even under mechanical changes. It is also possible to 
control the functionalization of the materials used but also the physical properties 
such as porosity, stiffness, or roughness to properly mimic in vivo situations. In this 
sense and even though microfluidic systems provide automated analysis with low 
consumption of reagents and low risk of contamination, they are very expensive and 
difficult to design.

17.4  Concluding Remarks

The use of in vitro models to study bone-cartilage interface regeneration is always 
associated with the specific purpose of the research line. Consequently, the ideal 
in vitro model must mimic as much as possible the specific in vivo situation, as it 
may help to better understand the physiological, pathological, and regenerative 
processes. The literature has been suggesting that even though static systems fail to 
mimic in  vivo conditions and provided ambiguous results, they can serve as an 
initial screening to set the culture conditions. By its turn, dynamic culturing systems 
have shown to be the most plausible technologies to implement in the clinic, due to 
their capacity to produce sterile constructs in highly controlled conditions. Based on 
this, the use of hierarchical organized scaffolds can provide the necessary cues to 
the cells to mimic the complexity of the osteochondral unit and facilitate the tissue 
organization of subchondral bone and articular cartilage but also induce an integrated 
OC interface. Subsequently, several approaches have been developed regarding the 
cell source, composition and type of scaffold, and culture media composition, which 
have produced different outcomes, however, without producing consensus regarding 
the best overall in vitro strategy.
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Chapter 18
Bioreactors and Microfluidics 
for Osteochondral Interface Maturation

Raphaël F. Canadas, Alexandra P. Marques, Rui L. Reis, 
and J. Miguel Oliveira

Abstract The cell culture techniques are in the base of any biology-based science. 
The standard techniques are commonly static platforms as Petri dishes, tissue cul-
ture well plates, T-flasks, or well plates designed for spheroids formation. These 
systems faced a paradigm change from 2D to 3D over the current decade driven by 
the tissue engineering (TE) field. However, 3D static culture approaches usually 
suffer from several issues as poor homogenization of the formed tissues and devel-
opment of a necrotic center which limits the size of in vitro tissues to hundreds of 
micrometers. Furthermore, for complex tissues as osteochondral (OC), more than 
recovering a 3D environment, an interface needs to be replicated. Although 3D cell 
culture is already the reality adopted by a newborn market, a technological revolu-
tion on cell culture devices needs a further step from static to dynamic already 
considering 3D interfaces with dramatic importance for broad fields such as bio-
medical, TE, and drug development. In this book chapter, we revised the existing 
approaches for dynamic 3D cell culture, focusing on bioreactors and microfluidic 
systems, and the future directions and challenges to be faced were discussed. 
Basic principles, advantages, and challenges of each technology were described. 
The reported systems for OC 3D TE were focused herein.
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18.1  Introduction

Tissue engineering (TE) technologies are based on the biological triad of cells, signal-
ing molecular pathways and ECM. Although TE leads a transition from 2D to 3D cell 
culture techniques in order to achieve more physiologically relevant tissue substitutes 
and models, culture techniques are still limited. Typically, current 3D cell culture 
techniques do not yet allow meeting the multicellular complexity of tissues, do not 
offer fine control over gradients, and require medium exchange at discrete time points 
instead of in a continuous manner because they rely on static environments [1]. 
Additionally, bioreactors and microfluidic devices, as a dynamic stimulus element, 
may be used as an alternative to or in conjunction with molecular growth factors for 
the signaling part of the TE triad. A TE bioreactor can be defined as a device to per-
form maturation of cell-material constructs under a controlled environment, using or 
not mechanical means to direct biological processes. This generally means that biore-
actors are used not only to flow cell culture medium but also to stimulate cells and 
induce them to produce ECM [2]. Microfluidic devices, as an alternative, were born 
from the combination of bioreactor principles and microfabrication techniques to 
reduce either time or costs of cell culture process and diagnostic systems.

The available culture systems, including bioreactors, allow monocultures in 3D 
scaffolds but are not adapted for co-cultures, which currently is a big challenge of the 
field [3]. The classic case of the OC interface, which consists of a hyaline cartilage 
layer and an integrated subchondral bone, is a good example of an interface requiring 
for more complex scaffold design and a dual environment when cultured in vitro. 
Interfaced bone-cartilage in vitro models keep being predominantly limited to cell 
co-culture systems in which bone and cartilage cells are both exposed to the same 
medium, perhaps a very distant condition from the in vivo environment [4]. Regarding 
this, when co-culturing stem cells in 3D scaffolds, researchers either need to use 
costly pre-differentiation operations before cell seeding and keep its phenotype over 
cell culture or, as a more challenging alternative, simultaneously modulate differen-
tiation down to distinct lineages in a unified culture environment [5]. So, using con-
ventional bioreactor systems based on one single culture chamber, supplementing 
the culture media with lineage-specific signaling molecules for directed differentia-
tion of stem cells is invalid for biphasic constructs. This limitation has been addressed 
by using custom made dual-chamber culture systems to spatially direct delivery pre-
venting dominance of one phenotype over the other throughout the construct [5, 6].

Microfluidics, as an alternative to bioreactors at the microscale, allows spatial 
control over fluids in micrometer-sized channels and has become a valuable tool to 
further increase the physiological relevance of 3D cell culture by enabling con-
trolled co-cultures, perfusion, and spatial control of signaling  gradients [7, 8].
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Over the next sections of this chapter, we discuss the current bioreactor and micro-
fluidic systems, the current issues and advantages of using a dynamic cell culture 
instead of a static one, and the features to be considered when designing the devices for 
dynamic 3D cell culture approaches. The reported bioreactor and microfluidic studies 
for OC tissue regeneration and in vitro modeling are overviewed and discussed.

18.2  Dynamic Systems Designs

Bioreactor and microfluidic systems are cell culture environments confined in a reser-
voir with a shape of a vessel, flask, or even channels, connected to inlets and outlets for 
continuous flowing of nutrients through the cell culture. A bioreactor can be described 
as a dynamic device or system for culturing cells or tissues in suspension, 2D or 3D, 
under controlled biochemical or mechanical conditions. Microfluidic technique was 
created as an option for the perfusion of cell cultures, since the compartmentalized 
nature of microfluidic devices interconnected by microchannels allows perfusing 
media adjacent to or through a population of cells or 3D tissue-like construct.

In general, bioreactors and microfluidic systems are designed to perform at least 
one of the following five functions:

 1. To achieve uniform cell distribution
 2. To keep constant and optimized concentration of gasses and nutrients
 3. To perform mass transport to the tissue
 4. To increase tissue maturation by applying physical stimuli
 5. To provide information about the formation of 3D tissue by attaching sensors 

and designing transparent chambers [9]

A bioreactor or microfluidic device incorporating a flow pump to continuously 
circulate culture medium is the minimum criteria to define as dynamic a cell culture 
technique. The pump or motor must be small enough to fit into an incubator and also 
be usable at 37°C and in a humid environment. The forces needed for cellular stimu-
lation are very small, so it is important to ensure that the pump/motor has the capa-
bility to apply small forces accurately. Tissue culture is a continuous, non-steady-state 
process in which the cultivation and tissue-specific parameters change with time. 
Furthermore, the scaffold and chamber shapes are of significant importance for con-
trolling the nutrition flow pattern [10].

18.2.1  Mass Transport: Diffusion and Convection

Static culture systems rely primarily on diffusion, and to a lesser extent natural con-
vection, for transport of oxygen to cells. The depth of media in the static conditions 
limits the supply of oxygen from the gas phase, which is not a big issue when cultur-
ing a monolayer of cells [11]. However, in a 3D cell culture approach, improving 
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local perfusion of thick tissue constructs remains a significant challenge for 
3D-based devices. Static culture of cell-seeded 3D scaffolds typically results into 
localized tissue growth in the construct periphery because of lack on mass transport 
of fresh nutrients through the tissue [12]. Mass transport through the scaffolds can 
be improved using perfusion methodologies by housing the construct within a flow- 
through column [13, 14] or by suspending cell spheroids or constructs within rotary 
culture devices or spinner flasks, generating a dynamic culture [15, 16].

The important role of mass transport in a cell culture device is to keep cell metab-
olism within a physiological range by providing metabolic substrates and removing 
toxic degradation products. Understanding how device geometry is related to con-
vective or diffusive transport limitations is therefore a key element of the bioreactor 
and microfluidic systems design.

The rate of diffusion is proportional to the metabolite concentration gradient, 
being the constant of proportionality and the diffusion coefficient:

 
D

kT

R
=

6π  

The Stokes-Einstein equation relates the radius of the diffusing particle and tem-
perature to the diffusion coefficient, where k is Boltzmann’s constant, T is tempera-
ture, and R is the particle radius. The volume of a sphere is proportional to the cube 
of its radius, V  =  4/3πr3, so the diffusion coefficient is approximately inversely 
related to the cube root of molecular weight.

The mass flux is also related to the gradient that can be generated at the interface 
between cells and medium, according to Fick’s first law of diffusion:
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Fick’s equation relates the diffusive flux “J” to the concentration when assuming 
a steady state (if a system is in a steady state, then the recently observed behavior of 
the system will continue into the future). The diffusion flux dimension is amount of 
substance per unit area per unit time, so it is expressed in mol m−2 s−1 and quantifies 
the amount of substance that will flow through a unit area during a time interval. D 
is the diffusion coefficient, and its dimension is area per unit time, so standard units 
would be m2/s. φ is the concentration in ideal mixtures, of which the dimension is 
amount of substance per unit volume as mol/m3. x is the position, the dimension of 
which is length; it might thus be expressed in the unit m.

18.2.2  Flow Conditions for Dynamic Cell Cultures

Diffusion is the only driving force to move nutrients and waste in a static culture 
system. As the size of the scaffold increases, diffusion of nutrients and waste 
removal to and from the interior of the construct becomes more difficult, leading to 
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necrosis at the core of the scaffold [16]. Defects requiring TE solutions are typically 
many millimeters in size for which, in static cell culture systems, it can be quite dif-
ficult to enable sufficient fresh medium circulation through the engineering con-
struct [11]. Scaffolds in such a size range are easily fabricated. However, problems 
arise when culturing cells on these scaffolds. The main challenge in preparing con-
structs larger than few millimeters is to obtain a homogeneous distribution of cells, 
and hence new tissue, throughout the whole 3D scaffold volume [17]. This problem 
is increased by the static culture conditions, which result in scaffolds with few cells 
in the center of the construct. It has been shown that despite uniform cell seeding, 
over cell culture period, more cells distribute predominantly on the periphery of the 
constructs [18]. The main reasons for this distribution in scaffolds at millimeter 
scale or more are cell sedimentation, necrosis, as a consequence of the previous 
ones, and cell chemotaxis. For instance, mineralized bone matrix reaches a maxi-
mum penetration depth of 240  μm when stromal osteoblasts are cultures onto 
poly(dl-lactic-co-glycolic acid) scaffolds, which is far thinner than an ideal bone 
graft needed for the clinic [19].

Perfusion flow performed by bioreactors and microfluidic devices provides sev-
eral benefits such as stable nutrient supply, waste metabolites washed away, and 
control of oxygen tension distribution. Furthermore, perfusion is one of the key 
stimuli in vasculature, as it provides shear stress, which affects the cellular morphol-
ogy and gene expression [20, 21]. So, constant nutrition, oxygen flow supply and 
metabolic product elimination must be performed when culturing cells up to higher 
density which is one of the most important tasks to achieve physiologically mean-
ingful functions for TE and sufficient cell number for in vitro construct develop-
ment [22].

While the first generation of bioreactors for culturing cells was designed simply 
to pump nutrient through the assembling tissue followed by waste removal [17], the 
next wave of bioreactors was designed for maturing tissues such as blood vessels 
[23], cartilage [12], or cardiac muscle [24], subjecting the emerging tissue to 
mechanical compression, shear stresses, and even culture medium pulsatile flow. 
Such stresses lead to improved mechanical properties of engineered tissues such as 
cartilage [25].

18.2.3  Flow Shear Stress and Related Stimuli

Flow-derived shear stress provides a physiologically relevant mechanical stimula-
tion that significantly promotes specific protein expression and elicits paracrine 
effects by increasing the probability of randomly happen secretion and protein- 
protein and cell-cell contact [26]. These events are particularly relevant when cul-
turing complex tissues as interfaces requiring co-cultures. Given the central role of 
several protein pathways in specific disorders, these stimuli represent a significant 
dynamic, for example, for an in vitro model of a disorder condition as OA.

Mechanical cues are also crucial for tissue specification and maturation, which 
can be transduced by the bioreactor chamber design [10] or microfluidic channel 
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geometry, as suggested by a study of the effect of shear stress on mature osteoblasts. 
Kou et al. [27] developed a device capable of applying four different magnitudes of 
shear stress in parallel channels on one chip. The intracellular calcium intensity 
peak was proportional to intensity of shear stress, while response time was indepen-
dent of shear stress for values larger than 0.03 Pa.

While flow rate can be used to modulate media exchange [28], pore size, inter-
connectivity, and anisotropy can influence different rates of media exchange and 
shear stress on cells distributed within the construct [29]. Mechanobiological 
aspects, such as active stretch and tension, are another functional feature that can be 
added using microfabrication techniques. Although interesting, it has received 
minor attention in combination with 3D cell culture. Regarding this challenge, 
sophisticated devices for 3D cell culture are one of the main needs for the current 
regenerative medicine and TE evolution [30].

18.3  Bioreactor Designs

18.3.1  Bioreactor General Principles

Bioreactors arise as a proposed solution when addressing the reported issues afore. 
Although the requirements for bioreactor design are application specific, there are a 
few general principles which have to be considered when developing a bioreactor. 
Biocompatible and bioinert materials must be selected to fabricate a bioreactor. 
Although stainless steel can be used if it is treated avoiding chromium ions leaching 
out into the culture medium, most metals are eliminated by this permit. Furthermore, 
a bioreactor operates at 37°C in a humid atmosphere, so selected materials cannot 
change drastically under these conditions, which avoids the use of some plastics. If 
a material changes volume under this humid condition, it can trigger medium leak-
age, which can be a problem in any design involving fluids. In most cases, fluid 
seals are necessary, and a good design should be considered to minimize the number 
of junctions needing for seals. Gharravi et al. designed a tissue chamber made of 
stainless steel presenting multiple pores and two inlets and outlets for the media and 
the gases (O2 and CO2) to replicate the perfusion process and oxygen tension in the 
body. The inside geometry of the central part of culture chamber was designed to 
mimic ball and socket of the temporomandibular joint for cartilage TE with round 
shape and as a tissue sized at a large dimension. Alginate was selected for the chon-
drocytes encapsulation in a sheet configuration [31].

A bioreactor has to operate under aseptic conditions to prevent any contamina-
tion of microorganisms. To guarantee the aseptic environment, bioreactor parts can 
be either sterilized by autoclaving or disinfected by submersion in alcohol or under 
a sterilizing gas (e.g., ethylene oxide), limiting the range of materials considered for 
a bioreactor fabrication. Autoclave runs cycles of a severe protocol performing high 
temperature and pressure, restricting even more the number of materials that can be 
selected for the bioreactor manufacturing. Alternatively, some non-stabilizable dis-
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posable bioreactor parts may be used and replaced after each use. Considering 
transparent materials for the culture chambers is advantageous for monitoring the 
construct during culture. For instance, Powers et al. have presented a bioreactor that 
enables both morphogenesis of 3D constructs under flow perfusion while allowing 
in situ observation by light microscopy, which is an important feature to take into 
account when designing a cell culture device [32].

Sensors should be incorporated into the design if parameters such as pH, nutrient 
(e.g., glucose) concentration, or oxygen levels are to be monitored. However, at the 
moment, it is not easy to measure all of these variables in “real time,” and the exist-
ing microsensors are too expensive. Therefore, there is a requirement to develop 
sensors for “real-time” measurement or alternatively to remove samples for as close 
as possible a “real-time” analysis. Dissolved oxygen and culture medium pH have 
been monitored with fluorescent sensors developed to study the metabolic state of 
cells in culture without removing or damaging cells during cultivation [33].

As a market approach perspective, a prototype bioreactor has to be designed 
thinking about the scale-up opportunity. This means designing a device that is easy 
to enlarge without changing its characteristics or projecting a simple and user- 
friendly device easy to multiply in number. Moreover, thinking about an industrial 
application, a high-throughput system is the ideal strategy so that numerous scaf-
folds can be cultured at one time, which currently is not considered in most of the 
bioreactor systems reported. A bidirectional perfusion bioreactor was developed 
enabling implementing perfusion flow and flow direction which can be varied along 
the culturing period. For large-scale applications, the most important feature that 
this system comprises is its compact and user-friendly design made of autoclavable 
materials and enabling to culture up to 20 samples simultaneously [34].

A bioreactor can also be designed not to expand cells in number but to obtain de 
novo tissue with biomechanical properties comparable to the native one, by apply-
ing various mechanical or electromagnetic stimuli. Suckosky et al. [35] performed 
a characterization of the flow field within a spinner flask system working under 
optimized conditions to produce cartilage. The simulation and experimental col-
lected data have shown that subjecting a scaffold to a dynamic flow provided a 
uniform cell distribution throughout the 3D construct resulting in a homogenous 
matrix deposition, whereas Altman et al. [36] have reported that directional strain 
applied on silicone-based constructs promoted cell differentiation into a ligament- 
like phenotype instead of bone or cartilage lineages. Electric [37] and magnetic [38] 
stimuli have also been used experimentally with encouraging results on stimulation 
of 3D muscle maturation and osteogenesis, respectively.

The new generation of bioreactors should also be able to support the culture of 
two or more cell types simultaneously, relevant for the regeneration of interfaced 
tissues. This currently involves first maintaining the different cell types under dif-
ferent static culture conditions to obtain the desired phenotypes and then at appro-
priate time, switching to a common cultivation protocol in one bioreactor. The 
formed tissue either presents a lose interface or fused phenotype. The appropriate 
design should consider chamber compartments (named dual chambers) interfaced 
by 3D scaffolds [39, 40]. This way the cell adhesion, proliferation, and differen-
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tiation phases can be promoted in a whole construct immersed in different envi-
ronments over all culture time.

18.3.2  Bioreactor Types

The basic principle applied at the first generation of bioreactors for TE was the 
agitation-based approach. According to this approach, a cell suspension is placed 
into a container while keeping the suspension in motion. Gentle stirring is used to 
provide motion to cells. Due to this, cells do not adhere to the walls and form cell- 
to- cell interactions. Based on this principle, several bioreactor designs were created, 
which are summarized in Fig. 18.1.

Fig. 18.1 Schematic representation of each bioreactor system for 3D cell culture. (A) Basic flask 
bioreactor, (B) spinner flask bioreactors, (C) rotating cell culture bioreactor, (D) flow perfusion 
bioreactor, (E) compression bioreactor, and (F) in vivo bioreactor
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18.3.2.1  Spinner Flask Bioreactors

Spinner flasks consist of a container and a stirring element to continuously stir the 
cell suspension (Fig. 18.1B). These flasks are traditionally used to form cell spher-
oids but can also be applied to constructs attached to needles from the top cover. The 
size of the cell spheroids or constructs depends on the volume of the container. 
Culture medium agitation is performed using a magnetic stir bar placed at the bot-
tom of the flask [41] promoting the nutrients diffusion and removal of waste prod-
ucts keeping the cells fed with fresh culture medium [42].

The main issues associated to the spinner flask bioreactors are related to the 
shear force of the stirring bar, requiring a larger amount of culture medium and 
resulting in inconsistency of size of the formed cell spheroids [43]. However, con-
structs cultured in spinner flasks have a higher cell seeding density and more uni-
form distribution of cells when compared to a static culture model [44].

The spinner flask bioreactor has been tested to promote osteogenesis. Sikavitsas 
et  al. [45] compared steady flask, spinner flask, and rotating vessel (described 
below) systems by culturing rat mesenchymal stem cells (MSCs) in 3D scaffolds for 
a period of 21  days. The author observed that the highest alkaline phosphatase 
 activity and osteocalcin secretion were obtained using the spinner flask system. 
Moreover, constructs cultured in the agitated systems had higher proliferation rate 
and calcium content than the steady flask system.

18.3.2.2  Rotating Cell Culture Bioreactors

The rotating bioreactor spins the whole container instead of using a stirrer bar/rod 
as in the case of the spinner flask bioreactor (Fig. 18.1C). The culture chamber is 
initially rotated at low speed which is increased when cells start forming large 
aggregates to maintain the spheroids in suspension. This concept was developed at 
NASA to simulate microgravity conditions. The systems design consists of two con-
centric cylindrical containers, within which lies an annular space containing the 
scaffold [46]. The outside wall rotates, and to obtain a microgravity condition, the 
gravitational forces must balance the centrifugal forces, subjecting the scaffold to 
dynamic laminar flow [47]. The main advantage of this system is the reduced shear 
force applied [48]. Using this approach, Marlovits et al. [49] suspended differenti-
ated chondrocytes in a rotating wall vessel. After 90 days of cultivation under micro-
gravity, cartilage-like neotissue was formed, encapsulated by fibrous tissue that 
closely resembled the perichondrium, without the use of any scaffolding material.

Saini et al. [50] have also shown the potential of this technique in cartilage TE, 
but, using porous polylactic acid scaffolds, seeded dynamically in the bioreactor 
using bovine chondrocytes. Four weeks after cell seeding, constructs from condi-
tion seeded at the highest cell densities contained up to 15 M cells, 2 mg glycosami-
noglycan, and 3.5 mg collagen per construct and exhibited morphology similar to 
that of native cartilage. Overall the rotating wall vessel bioreactor has been shown 
to optimize nutrient transport and promote cartilage growth and differentiation [51].
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While this system is simple, allowing easy handling and large-scale and long- 
term production of spheroids, there is large variability in the size of the spheroids as 
observed in the spinner flask bioreactors [52].

18.3.2.3  Flow Perfusion Bioreactors

Flow perfusion bioreactors utilize a pump to percolate medium continuously through 
the scaffold’s interconnected pores (Fig. 18.1D). A molecular weight cutoff mem-
brane isolates the chamber inlet and outlet avoiding cells from leaving the container. 
The enhanced nutrient transfer has been shown to result in improved mass transfer 
[41], contributing for a homogeneous cell distribution and high seeding efficiency 
throughout the thickness of the scaffold [53]. Furthermore, the fluid shear forces 
resulting from flow perfusion have been shown to enhance the expression of the 
osteoblastic phenotype [54]. Gomes et al. [55] cultured bone marrow MSCs under 
static and perfusion conditions. A superficial layer of cells was formed when the 
constructs were cultured statically, while a homogeneous cell distribution filled the 
scaffolds in the perfusion bioreactor. Although the proliferation rate and alkaline 
phosphatase activity patterns were similar for both conditions, the constructs cultured 
under perfused conditions showed a significant increase in calcium deposition.

Goldstein et al. [16] compared the three systems described above: rotating wall 
vessel, spinner flask, and flow perfusion. Osteoblastic cells were seeded onto PLGA 
foams and cultured for 2 weeks. Although cell seeding efficiencies and osteocalcin 
content were similar for the three systems, the spinner flask produced the least uni-
form cell distribution throughout the foams and the rotating wall vessel system 
resulted in the lowest levels of alkaline phosphatase activity. Consequently, the flow 
perfusion system appears to be the most attractive culturing system for bone con-
structs among those three bioreactors. Moreover, rotary perfusion bioreactor system 
has the main advantage of eliminating the internal transport limitations of the spin-
ner flask and the rotating wall vessel [41].

18.3.2.4  Compression Bioreactors

Compression bioreactors are designed to exert controllable mechanical forces under 
physiological environment to reproduce, in  vitro, the in  vivo mechanical stimuli 
(Fig.  18.1E). Hydrodynamic shear, hydrostatic pressure, mechanical compression, 
tension, and friction are some of the mechanical forces applied by this class of biore-
actors. One of the main applications of these systems is in cartilage engineering [56]. 
Correia et al. [57] tested the effect of either a pulsatile or a steady hydrostatic pressure 
to human adipose-derived stem cells (ASCs) encapsulated in gellan gum hydrogel 
constructs over a period of 3 weeks. The authors observed that pulsatile hydrostatic 
pressure regimen led to greater chondrogenic differentiation and matrix deposition, as 
evidenced by gene expression of aggrecan, collagen type II, and sox- 9, metachromatic 
staining of cartilage extracellular matrix, and immunolocalization of collagens.
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Cochis et al. [58] used a bioreactor to mechanically stimulate a hydrogel laden 
with bone marrow MSCs by simultaneously applying compression and shear forces 
days using a ceramic hip ball over 21 days. The mechanically stimulated MSCs suc-
cessfully expressed chondrogenic genes, and the GAG quantification confirmed the 
higher differentiation of MSCs under compression stimulus. Histological analysis 
showed the retention of the cells within the polyurethane scaffold pores and the 
presence of a surrounding matrix of collagen and proteoglycan.

The compression bioreactors have as main advantage the ability to apply very 
specific and accurate mechanical stimuli which are not possible to promote with any 
other culture system. On the other side, the specificity of this approach makes these 
systems not so interesting for large-scale or high-throughput applications.

18.3.2.5  In Vivo Bioreactors

The in vivo bioreactor is a regenerative medicine concept where the bone is grown 
in vivo (Fig. 18.1F). This bioengineering approach relies on the conductive proper-
ties of the implanted scaffold to recruit MSCs from neighboring tissue and takes 
advantage of the physiological environment to supply the necessary growth factors 
and nutrients to the construct. Several studies have been made to take advantage 
from in vivo bioreactors to generate vascularized bone tissue [59, 60].

In the design of an in vivo bioreactor, Holt et al. [59] used a scaffold composed 
of coralline cylinders supplemented with BMP-2. To recruit MSCs from the blood 
circulation into the bioreactor by BMP-2, a vascular pedicle channel was incorpo-
rated into the scaffold. This closed system isolated by silicone ensured that bone 
formation would depend on the scaffold and the invading cells. The designed in vivo 
bioreactor implanted in male rats was harvested after 6 weeks. New bone formation 
was observed at 11.3% with neovascular ingrowth. In a different approach, Stevens 
et al. [60] manipulated an artificial space to perform as a bioreactor between the 
tibia and the periosteum, a layer rich in MSCs, and taking advantage from the body’s 
healing mechanism to leverage neo-bone formation. The authors incorporated algi-
nate gel in New Zealand white rabbits. Bone tissue was formed and showed biome-
chanical similarities to the native bone. Furthermore, the authors observed enhanced 
cartilage formation within the bioreactor when angiogenesis was inhibited promot-
ing a more hypoxic environment.

18.4  Microfluidics Designs

Microfluidic devices experienced a fast evolution starting in the 1990s [61] and now-
adays contribute with versatile platforms in fields as molecular analysis, laboratory 
diagnostics, biodefense, and consumer electronics [62]. Applications of microfluidic 
systems based on cell and tissue culture have been also emerging, and TE is taking 
advantage from micro- and nanofabrication techniques for the development of 
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sophisticated features on tissue modeling and drug testing as platforms for high- 
throughput screening [22]. First at two dimensions, but during last 10 years, the third 
dimension of cell culture has been also revolutionized by the integration of microflu-
idics. When several integrated chambers culture cells mimicking more than one tis-
sue or organ in a single device, the approach became known as organ-on-a- chip [8].

18.4.1  Microfluidic Systems General Principles

Microfluidic systems typically consist of devices with channel geometries having 
characteristic length scaled from tens to hundreds of microns [63]. When microflu-
idics are designed for cell culture, it might encompass from millions to single cells 
providing a level of flexibility beyond that possible in conventional well plates or 
even with bioreactors [64, 65]. Structural features in microfluidic devices may be 
designed to provide spatial control over cell behavior, and interactions between cell 
populations may be controlled through the use of channels, membranes, and other 
features incorporated into these systems [66, 67].

Fabrication is typically done by photolithography by applying a standard tech-
nique as Radio Corporation of America (RCA) cleaning, thin film deposition, wet 
hydrofluoric etching, access hole forming, or chip bonding (Fig. 18.4) [61]. Soft 
lithography and other processing techniques have enabled rapid, simple fabrication 
of microfluidic devices from a broad range of substrate materials including thermo-
plastics and thermoset polymers, typically produced in optically transparent formats 
that may be rigid or elastomeric [68]. Some significant features which make this 
technology distinguishable are:

 1. Microscale resolution and flow conditions match with the cellular structure 
dimensions and traffic present in the human organism.

 2. Spatial control over chemical gradients can mimic the dynamic 3D network 
existing in vivo.

 3. Reduced costs as it requires samples in nanoliter volumes.
 4. Design of microfluidic devices is compatible with substrates permeable to oxy-

gen enabling cell culture in 3D.
 5. Microfluidics can handle several processes at one time such as culture, replenish-

ment of medium, cell detachment, and subsequent detection. Furthermore, fabri-
cation can use transparent materials allowing microscopic imaging.

18.4.2  Microfluidic Types of Devices

Different types of microfluidic systems have been used to establish and support 3D 
culture and have been categorized based on the substrates used to fabricate the 
microdevices, namely, glass-/silicon-based, polymer-based, and paper-based 
 platforms [22].
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18.4.2.1  Glass-/Silicon-Based Platforms

Glass-based systems can be reusable and applied for long-term studies because of its 
stable surface with reproducible and reliable electroosmotic flow. The main advantage 
of this systems is the enhanced optical properties which are advantageous in high-reso-
lution microscopy [69]. Glass-based channels are impermeable to oxygen, which has 
been repeatedly utilized to create hypoxic conditions [70]. Khan et al. designed a micro-
fluidic platform able to create gradients of oxygen tension. A glass coating on the inner 
microfluidic channel prevented multi-directional diffusion of oxygen across Polydimeth-
ylsiloxane (PDMS) enabling and keeping the gradient resolution and stability which is 
monitored by incorporation of sensors [71]. Silicon-based systems, on the contrary, have 
the disadvantage of being expensive and demand complicated fabrication procedures.

18.4.2.2  Polymer-Based Platforms

Various polymers such as PDMS, polycarbonate, polystyrene, and polymethyl 
methacrylate (PMMA) have been used as biocompatible substrates for microdevices 
[22]. Among these polymers, PDMS is the most predominant because it is perme-
able to oxygen and cost-effective [61]. Microchannels are formed by contacting the 
PDMS structure with a substrate, and these channels deliver the fluid to restricted 
areas on the substrate. The microchannels can selectively deliver the materials for 
cell adhesion or cell suspension to desired areas of a substrate [72, 73].

Natural origin polymers such as agarose, fibrin, and collagens have also been 
used for 3D cell culture on microfluidic applications [74].

18.4.2.3  Paper-Based Platforms

Paper-based microfluidic systems were born as a relatively simple and cost- effective 
approach. Moreover, these systems are flexible and can be designed in varied archi-
tectures, as demonstrated by Martinez et  al. by creating several 3D microfluidic 
devices fabricated in layered paper and tape [75]. 3D cell culture was recently dem-
onstrated by Derda et al. for the first time on a paper-based microfluidic platform 
[76]. The authors used chromatographic papers to pattern hydrophobic barriers by 
wax printing. Cell suspensions were then impregnated on the papers. To mimic the 
3D architecture, multiple papers sheets were stacked over each other. These papers 
can later be detached for layer-by-layer molecular analysis.

18.4.3  Microfluidic Potential for 3D Cell Culture

One of the main advantages of microfluidic approaches is the spatial fine control 
over fluids at micrometer scale, which can be explored to increase the physiological 
significance of 3D tissue models. Early examples demonstrate spatial patterning of 

18 Bioreactors and Microfluidics for Osteochondral Interface Maturation



408

adhesion molecules [77] and hydrogels [78, 79], which are still used in microfluidic 
3D cell culture. Today, the most important drivers for the use of microfluidic tech-
niques in 3D cell culture are:

 (i) The integration of perfusion/flow
 (ii) The ability of co-culturing cells in a spatially controlled manner
 (iii) Generation of and control over (signaling) gradients [1]

Spatial control is essential for the increasing need for more complex tissues 
in vitro modeling, since our body presents several interfaced tissues and barriers. 
These are, for example, determinant for testing drug efficacy as drug molecules 
either have to cross barriers or be effective to treat a tissue without affecting the 
adjacent one. Microfluidic fabrication allows patterning surfaces for cells and extra-
cellular microenvironment stratified (co-)cultures with basal-apical access, control-
ling gradient formation and medium perfusion. In classical culture techniques, the 
spatial control is usually achieved by a membrane to support surface-attached cell 
growth dividing the culture well in two independent compartments [80]. The recent 
trend in microfluidic systems is to use hydrogels interfaced by two channels offer-
ing a physiologically more relevant environment. By using laminar flow, two or 
more streams are joined into a single channel flowing parallel to each other without 
any turbulent mixing, allowing the only mixing by diffusion across the interface. 
This ability to sustain parallel streams of different solutions in a single microchan-
nel has been applied to pattern cells and their environments [81, 82]. This method 
can also be used to study subcellular processes by positioning a single cell interfac-
ing two adjacent streams [83]. Furthermore, by patterning a hydrogel between two 
fluids, stable and predictable linear gradients are formed, which can be controlled 
by the channel geometry and applied flow rates [84]. To integrate this type of assays 
into the high-throughput drug-screening pipeline, Trietsch et  al. [85] created a 
microfluidic platform based on a 96-well titer plate format enabling a double flow 
perfusion to generate a gradient over an hydrogel. Perfusion flow was maintained by 
passive leveling between two reservoirs, thereby eliminating the need for external 
pumps. This allows high-throughput migration assays and gradient formation in 
combination with stratified co-cultures.

An interesting technology to study chondrocytes was introduced by Neve et al. 
[86]. The developed technique integrates micron-resolution particle image 
 velocimetry with dual optical tweezers that allow for the capture and maintenance 
of a single chondrocyte in a flow field that can be measured in real time.

From the microfluidic devices was born the organ-on-a-chip concept, which is 
based on a microfluidic cell culture device created with microchip manufacturing 
methods that contains continuously perfused chambers inhabited by living cells 
arranged to simulate tissue- and organ-level physiology. By recapitulating the mul-
ticellular architectures, tissue-tissue interfaces, physicochemical microenviron-
ments, and vascular perfusion of the body, these devices could produce levels of 
tissue and organ functionality not possible with conventional static 2D or 3D culture 
systems. This concept was born for the creation of tools to enable in vitro analysis 
of biochemical and metabolic paracrine activities in between different tissues and 
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can have a huge impact in the future after maturation and optimization of the con-
cept (Fig. 18.2).

In addition to the physiological relevance, microfluidic systems can potentially 
improve reproducibility, cost-effectiveness, and implementation at larger scales 
for diagnostics and drug screening. For example, the reduced dimensions offer 
advantages such as reduced consumption of expensive cell material, hydrogels, 
and screening reagents. Well-defined heights of microfluidic channels improve 
imaging quality and speed. Precise metering of liquids with microfluidic tech-
niques enables better quantification of assays. However, moving to a microfluidic 
reality implies changing several exclusive factors to microfluidic from macro-
scopic cell culture, such as different culture surfaces, reduced media volumes, and 
vastly different rates of, and methods for, medium exchange. These unique fea-
tures slowdown the acceptance and adaptation of the current state-of-the-art of cell 
culture techniques to the dynamic microscale. Furthermore, even though there are 
reports about 3D cell culture in microfluidic devices, a further push is needed to 
consolidate this interesting concept for more complex 3D tissues as interfaces and 
co-culture-based studies.

18.5  Bioreactors vs Microfluidics in OC Tissue Modeling

Over the last decades, strategies to investigate bone-cartilage interactions in vitro 
were mostly limited to cell co-culture well plates in which bone and cartilage cells 
are both exposed to the same medium [4], arguably a very distant condition from the 
in vivo environment. Alternatively, co-cultures imply the use of transwells avoiding 
direct cell contact which is also crucial, for example, for interfaced tissues. Using 
TE techniques, two construct pieces can be independently cultured under chondro-
genic and osteogenic medium and joined together after tissue maturation, resulting 
in an interrupted interface.

Traditional bioreactors have not been frequently explored in the development of 
skeletal tissues interfaces but either applied to bone or cartilage tissue development 
[90]. When applied to the interfaced OC junction, explants were usually used. 
Understanding the mechanical properties of the articular surface is the main focus 
of interest, because the OC junction and the subchondral bone are known to confer 
significant protective mechanical properties to the overlying cartilage [91]. 
Specifically, the subchondral bone reduces impact-induced fissuring, chondrocyte 
cell death, and matrix degradation, all of which are hallmarks of pre-osteoarthritis 
[92]. Studies of chronic joint disorders have revealed the influence of subchondral 
bone changes in the etiology of osteoarthritis, but these changes have not been 
effectively reproduced in vitro [93, 94].

Biological characterization of the OC tissue present in any joint of the human 
body already revealed the existing and key communication between chondrocytes 
and osteoblasts across the junction. This interface is characterized by a transition of 
collagen type I to type II and also of collagen fibers orientation. Moreover, several 
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gradients, such as cellularity, cell size, proteoglycans, and collagen content, charac-
terize the OC tissue interface (Fig. 18.3). However, understanding OC phenotype 
and related disorders through specific communications require an in vitro culture 
system that supports native or engineered osseous and chondral components of an 
OC unit.

Bioreactors and microfluidic systems, as mentioned in previous sections, are 
capable of creating gradients which are of great interest to OC tissue in vitro devel-
opment. While conventional in vitro culture systems such as static cultures, spinner 
flasks, rotating wall vessels, and flow perfusion fail to provide physiological condi-
tions capable of reproducing physiological interfaces, the use of in vivo models can 
give the wrong impression of translation readiness. Indeed, most of the cases fail 
when translated to clinical trials, mainly because of genotypic and morphological 
differences. Regarding this, in vitro models, able of mimicking 3D interfaces by 
using gradient or bilayer scaffolds in general and OC tissue in particular, based on 
human cells are still urgently needed. Since the traditional culturing systems are not 
specifically adapted for engineering 3D interfaced tissues, new technologies have 
been emerging over the last 5 years targeting this gap [5, 40, 95].

Recent developments in the bioreactor field, as the creation of systems adapted 
for the maturation of interfaces and able to spatially control gradients, will open up 
new possibilities to foster interfaced TE as it is the case of the OC tissue unit. We 
described a new bioreactor concept [39, 40], which was designed for the maturation 
of interfaces by using multi-compartmentalized chambers interconnected by 3D 
structures (Fig. 18.4). This concept not only allows the co-culture of multiple cell 
types under different environments but is also designed to avoid cell sedimentation 

Fig. 18.3 Subchondral bone and articular cartilage interface make the OC tissue which is charac-
terized by specific collagen orientation and several content gradients. (A) Histological H&E sec-
tion of healthy human OC tissue. (B) Representation of the organization of collagen and cells. (C) 
Scheme of collagen orientation. (D) Scheme of cellular distribution. (E) Representation of gradi-
ents and collagen orientation
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and to improve culture medium exchange in and out of the tissue constructs by 
rotational movements and flow perfusion (Fig. 18.4A and B). Moreover, this biore-
actor concept allows the connection by flowing medium between several multi- 
chambers, adapting the concept of organ-on-a-chip microfluidics to the bioreactors 
reality (Fig. 18.4C).

Concurrently, some dual-chamber bioreactors were tested for OC TE.  Chang 
et al. [96] cultured a gelatin-infused shinbone block to generate OC constructs in a 
dual-chambered bioreactor for the production of hyaline cartilage within the gelatin 
portion of the scaffold while the bony portion was acellular. Mahmoudifar and 
Doran [97] used a similar dual-chambered bioreactor for the maturation of two 
sutured polyglycolic acid meshes seeded with ASCs. After 2 weeks of culture, both 
layers were cellularized, but showed statistically undifferentiated GAG content. The 
main differences in comparison to our system are related to specific dynamic fea-
tures. While these two reported dual-chambers are under flow perfusion, our biore-
actor allows rotational movements to improve medium diffusion and vertical turning 
movements to increase cell homogenization though the 3D structures.

OC in  vitro models based on microfluidic devices were recently reported. 
Goldman and Babino [98] created a microfluidic dual-chamber device for the control 

Fig. 18.4 Bioreactor systems adapted for organ-on-a-chip and high-throughput concepts. (A) 
Dynamic platform for 3D cell culture homogenization and increased diffusion by rotational move-
ments. (B) The dynamic platform performs inversion of the cell culture chambers avoiding hetero-
geneous cell distribution in 3D scaffolds. (C) Dual-chambers from bioreactor are adaptable to 
6-well culture plate as a concept for 3D interfaced in vitro tissues. (D) Transition from bioreactors 
to microfluidics concepts as a high-throughput device for 3D interfaced tissues. (Adapted with 
permission from ([97], http://pubs.acs.org/doi/abs/10.1021%2Fmp500136b) Copyright © 2014 
American Chemical Society)
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over the osteo- and chondrogenic phenotypes. Bovine MSC were encapsulated in 
agarose, casted against micromolds of a serpentine network, and stacked to produce 
tissue constructs containing two independent microfluidic channel networks. 
Constructs receiving differentiation media showed differential chondrogenic and 
osteogenic gene expression, which was confirmed at the protein level as collagens I, 
II, and X. The control group under basal culture medium corroborated the results by 
showing homogeneous expression of the same biomarkers measured in lower con-
centrations at both the mRNA and protein level.

Shi et al. [99] compared a strategy based on a gradient generated by a microflu-
idic device with a conventional approach where two pieces of ASCs-laden hydrogel 
were cultured under osteogenic and chondrogenic conditions and joined together. 
The microfluidic system allowed generating a gradient of differentiation mimicking 
the OC interface. Although the dynamic cell differentiation methods using the 
microfluidic device consumed more cell culture media than the static method, the 
microfluidic system continuously supplied new nutrition and transported the wastes 
produced by cell metabolism out of the device generating a nontoxic environment. 
In addition, the flowing media could be collected and reused because much of the 
nutrients in the flowing media are not consumed during the continuous flow of cul-
ture media.

Lately, a technological approach using a high-throughput platform was designed, 
and osteoarthritic condition was already assessed to validate the system (Fig. 18.4D). 
Lin et al. [100] developed the platform adapted for interfaced OC tissue in a well 
plate format. This approach represents a transition design in between bioreactors 
and microfluidics. The system consists in a single bioreactor formed by the inserts 
and lid in the context of a 24-well plate. The device was designed to accommodate 
the biphasic nature of an OC plug by creating two separate compartments for the 
“chondral” and “osseous” microenvironments. The two microenvironments are 
independently controlled and the medium flow through each row of wells. The 
authors have shown that MSC-based chondral and osseous tissues respond to IL-1β 
in a manner that the changes in one tissue compartment are communicated to the 
other along the OC axis.

While bioreactors are now seeing its concept turned to the field of tissue model-
ing, microfluidic systems have been tested more often for this goal. However, the 
main difference of both concepts is that bioreactors were firstly developed for tissue 
production to be used as grafts for implantation and are now useful platforms for 
in vitro tissue modeling, while microfluidic devices can only be used for this last 
purpose as a drug testing or diagnostic tool.

18.6  Future Directions and Conclusions

The combination of culture systems as bioreactors and microfluidics with 3D cell 
culture has triggered alternatives reporting great potential to provide efficient meth-
ods for biomedical applications, TE, and drug screening. However, increased com-
plexity associated with access to cultivated cells in 3D constructs and further sampling 
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for assays is a combination of problematic challenges to be solved. The current sys-
tems allow the creation of gradients and the spatial arrangement of cells enabled 
mainly by microfluidics, but overall lack control of dynamics and spatial presentation 
of various signals over 3D constructs, which requires meticulous attention.

There is also a strong need of cost-effective and easy-to-use systems. High- 
throughput systems have been reported to solve these needs, but still require optimi-
zation when applied for 3D interfaced tissues as OC. Although organ-on-a-chip has 
drawn attention for integrated studies of tissue interplay, the integration of microen-
vironments in a single device still needs further developments. Furthermore,  the 
transition from 2D to 3D adds one more dimension not only in terms of shape and 
structure but also in terms of data acquisition.

The integration of materials engineering, nanofabrication, and biology already 
opened up new roots guiding us to the current scenario. However, bringing new 
tools from bioinformatics, systems biology, and sensors for real-time monitoring 
may help in overcoming the remaining challenges. In the near future, the  development 
of automated, high-throughput, reproducible, cost-effective, and easy-to-use 3D 
cell culture systems is expected. Advances of microfluidics and bioreactors cell cul-
turing technologies will trigger a new coming era of developments and discoveries 
not only about OC-related disorders and therapeutics but in the field of TE and drug 
discovery in general.
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Chapter 19   
Small Animal Models              

Alain da Silva Morais, J. Miguel Oliveira, and Rui L. Reis

Abstract Animal assays represent an important stage between in vitro studies 
and human clinical applications. These models are crucial for biomedical 
research and regenerative medicine studies, as these offer precious information 
for systematically assessing the efficacy and risks of recently created biomateri-
als, medical devices, drugs, and therapeutic modalities prior to initiation of 
human clinical trials. Therefore, selecting a suitable experimental model for tis-
sue engineering purposes is essential to establish valid conclusions. However, it 
remains important to be conscious of the advantages and limitations of the vari-
ous small and large animal models frequently used for biomedical research as 
well as the different challenges encountered in extrapolating data obtained from 
animal studies and the risks of misinterpretation. This chapter discusses the 
various small animal model strategies used for osteochondral defect repair. 
Particular emphasis will be placed on analyzing the materials and strategies 
used in each model.
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19.1  Introduction

The use of animal models for investigation is both a long-standing practice in bio-
logical research and medicine and a common matter of discussion in our societies. 
Animal models are currently used in biomedical research for the following motives:

 (i) Similarities to Human. The notable physiological and anatomical similarities 
between humans and animals, principally mammals, have encouraged research-
ers to explore a large range of mechanisms and consider novel therapies in 
animal models before applying their findings to humans. For example, chim-
panzees and mice share about 99% and 98% of DNA with humans, respectively 
[1, 2]. Then, animals have the trend to be affected by different human worrying 
problems and represent good models for the study of human diseases.

 (ii) Feasibility. The management of animal models is relatively easy since different 
factors can be controlled from the composition of food intake to temperature 
and lighting. Therefore, compared to human studies, there are less environ-
mental variations. Moreover, the animal lifespan is shorter than humans. 
Hence, they represent good models, as they can be studied over their entire life 
cycle or even through several generations [3, 4].

 (iii) Drug Safety. Preclinical toxicity testing, pharmacokinetics, and pharmacody-
namic profiles of drugs can be investigated on animal models before use in 
humans. It remains important to evaluate the effectiveness of a drug as potential 
treatment on animals prior testing on humans. Drug safety profiles need to be 
established in order to protect the animals, human, and environment. Nevertheless, 
not all results acquired on animals can be directly translated to humans.

The use of animal models for biological research is restricted by the presence of 
confounding variables; limited accessibility of imaging for observation, throughput, 
and usability; and differences between human and animal biology [5]. These points 
are emphasized by those who refute any value to animal research. Moreover, the 
place of the animals in our modern society is frequently debated, namely, the right to 
use animals to benefit human purposes, with the risk that animals could be harmed. 
These aspects lead regularly in confusing opinions, which made the citizens and 
politicians to have an unclear picture of the problems. This has been the case during 
the evaluation of the European Citizen Initiative “Stop Vivisection” recently pre-
sented to the European Commission [6]. Despite that, animal studies remain essen-
tial to fill the gap between in vitro experimentation and human clinical trials.

Tissue engineering and regenerative medicine (TERM) are innovative research 
areas dealing with the potential of natural signaling pathways combined with the 
components of the organism to induce repair and regeneration of organs and tissues. 
Basically, the principal constituents of a tissue engineering approach are (i) cells, 
(ii) bioactive signals as growth factors or bioreactors, and (iii) biomaterial scaffolds 
which act as template for tissue formation [7]. There is a growing demand for new 
biomaterials to replace damaged osteoarticular tissue. Therefore, orthopedic appli-
cations represent one of the main market of tissue engineering [8]. The International 
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Cartilage Repair Society (ICRS) developed a five-grade cartilage lesion classifica-
tion score system based on the macroscopic evaluation and the depth of the cartilage 
defect [9]. In ICRS Grade 0, the cartilage is normal. Grade 1 is divided into 1a, 
which includes cartilage lesions with a cartilage softening with or without superfi-
cial fissures, and 1b, which includes also superficial lesions, with the presence of 
fissures and cracks. Grade 2 is when cartilage lesion is deeper, extending to less than 
50% of the cartilage thickness and with fraying. For classifying a cartilage lesion as 
a Grade 3, the cartilage injury has to be deeper than 50% of the cartilage thickness 
as well as down to the calcified layer. Grade 4 lesion is characterized by a complete 
loss of cartilage thickness and exposure of the underlying bone. In the ICRS clas-
sification, osteochondral defect corresponds to the worst case of cartilage lesion 
(Grade 4). Osteochondral defect management and repair represent a significant 
challenge in orthopedic surgery because it simultaneously affects both articular car-
tilage and the underlying subchondral bone. Then, the cartilage, bone, and the 
cartilage- bone interface have to be taken into account on the development of new 
strategies to repair an osteochondral defect. Recently, TERM approach emerged as 
a potential alternative to the current clinical palliative treatments for osteochondral 
defect repair, because this approach can be efficiently used to regenerate the carti-
lage, bone, and the cartilage-bone interface.

Because the choice of the appropriate animal model is fundamental to establish 
pertinent conclusions, the factors that will allow it must be identified and well 
understood. Before choosing the ideal animal model, it remains crucial to identify 
correctly the problem that has to be solved in order to obtain the right answer to the 
right question. Thus, the animal species to be used as well as the experimental 
design to be established will clearly depend upon the question asked. Animal mod-
els used in preclinical studies for osteoarticular tissue engineering goals cannot 
accurately reproduce the human biomechanical conditions. A preclinical study for 
bone and cartilage repair may be conducted in large animal models as sheep, goat, 
or horse. The time for recovery and the dimension of the defect should be enough 
and sufficient in order to obtain the evidence and allow a robust analysis. Small 
animal models are crucial in “proof-of-concept” studies where theories are verified 
and results acquired in vitro are applied in vivo. Small animal models are frequently 
used to study the pathophysiology and pathogenesis of the disease process. These 
smaller models are faster, low-cost, easy to handle and house, and easier to imple-
ment and study than the large models. They are currently used as the first screening 
tool for new drugs and treatment development which then warrants further testing 
in large animal models before clinical trials. But important limitations in transla-
tional studies are identified as (i) the limited volume of bone and cartilage defects, 
(ii) the less thickness of the cartilage, and (iii) the high degree of flexion of those 
small animals and consequent partial weight-bearing condition, which are impor-
tant drawbacks when compared with human conditions [10, 11]. Moreover, the 
drugs, which demonstrated to be efficient in small animal studies, may not be 
 translatable to humans with the same effectiveness [12]. One of the reasons for this 
might be the well-known difference of anatomy, histology, and physiology between 
these animals and humans.
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The present chapter will focus on the use of small animal models for the develop-
ment of new strategies for osteochondral defect (Grade 4 of ICRS classification).

19.2  Small Animal Model Strategies for Osteochondral 
Repair

19.2.1  Mouse

Before applying new product on tissue engineering purposes, initial studies are 
required to evaluate important issues such as biocompatibility, degradation, and bio-
functionality. This evaluation is firstly achieved through the surgical implantation of 
the product in ectopic subcutaneous sites. These studies are typically performed on 
small animal species such as mice. These small animal models have some benefits: 
(i) expenses are low; (ii) large groups of animals can be used; (iii) homogeneous 
response of strains reduces individual deviations commonly observed in large ani-
mal models; (iv) advanced imaging techniques are available such as microCT and 
bioluminescence imaging; (v) a variety of genetic modifications are commercially 
available; and (vi) the use of immune-deficient strains allows studies of human cells 
or grafts without immune response implication.

Different animal models are currently used in research on restoration of osteochon-
dral lesions including medium- (rabbits and dogs) [13–17] and large-sized (sheep and 
horses) [18–23] animals. However, the use of rodent models (mice and rats) to study 
osteochondral (OC) lesions is limited, despite the benefits previously described. The 
main concern regarding these models is their high rate of spontaneous repair after 
osteochondral defect induction. Despite that, and in order to better understand the 
cartilage repair process, an osteochondral defect model in mice has been established. 
Through a small (~0.5–1 cm) medial parapatellar skin incision, the joint capsule was 
opened and the patella dislocated laterally to expose the trochlear groove articular 
surface. The full thickness lesion was made in the cartilage with 21–27 G needles 
using a circular motion (0.4–0.5 mm diameter) until reaching the subchondral bone. 
Invasion of the subchondral bone was confirmed by the presence of blood resulting 
from removal of the needle [24–28]. This surgical protocol has recently been applied 
to evaluate the potential of an injectable cellularized PEG-based scaffold [29] and a 
3D alginate-Gelfoam complexes [30] on cartilage repair. The data obtained in both 
studies provide proof of principle that the resultant structures possess great capacity 
for articular cartilage repair using tissue engineering approach.

This OC defect procedure allowed the development of a murine model of spontane-
ous cartilage regeneration. However, from these studies, it remains obvious that spon-
taneous healing capacity is clearly dependent on mouse age and strains. The spontaneous 
cartilage recovery is not the only way in sustaining the importance of the mouse strains 
used in cartilage recovery applications. Recently, Mak et al. [31] have evaluated the 
impact of intra-articular injections of synovial mesenchymal stem cells (MSCs), iso-
lated from two different strains (C57BL6 and MRL strains) on cartilage repair using 
the same mouse injury model. They demonstrated that intra-articular injection of these 
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synovial MSCs, isolated from MRL or C57BL6 mice, protects against the joint dete-
rioration that would normally result after a surgically induced focal cartilage defect, 
although the mechanism of protection does appear to be different between the two 
strains of mice [31]. Instead the existence of a spontaneous recovery in mice model.

Then, the strain of the mouse showed to have some importance when studying 
approaches to improve cartilage and bone repair.

Nowadays, an innovative approach aims to analyze genetic and biomolecular mech-
anisms underlying cartilage repair. For this reason, the use of genetically modified ani-
mals represents a powerful tool to investigate the biological mechanisms involved. Mice 
offer robust benefits for mechanistic in vivo studies due to the accessibility to athymic, 
transgenic, and knockout strains. Athymic mice, which have a limited cellular immune 
response, allow initial in  vivo study of allogenic and xenogeneic cartilage repair 
approaches [32–36]. Genetically modified mice, including transgenic and knockout 
models, are currently used to study the effects of a particular gene or protein on bone 
and cartilage repair and regeneration in different musculoskeletal diseases [37–39].

19.2.2  Guinea Pig

Guinea pigs (Cavia porcellus or Cavia cobaya) had a special place in research. This 
rodent is considered as a suitable model of human skeletal growth pattern because its 
epiphyses fuse as growth is completed [40]. However, it presented many disadvan-
tages, namely, the fact that growth plate fusion occurs several months after bone 
growth stops and that guinea pig presents various alignment of the knees, which 
results in an increased load on medial compartment [41]. Therefore a reduced num-
ber of studies have used this animal model for osteochondral repair strategies. Kaar 
et al. [40] have evaluated the impact of this model on cartilage full thickness defect 
and concluded that despite the regeneration occurred in all cases, the level of tissue 
restoration was variable and the degree of repair was independent of the age. Actually, 
and mostly due to the increased use of genetically engineered mice and rats for spe-
cific disease models, the usage of guinea pig in research declined. Furthermore, 
guinea pigs demonstrated spontaneous cartilage degeneration [42], which, associ-
ated with age-related osteophyte formation, subchondral bone changes, and synovi-
tis, made these animals a popular model for the study of osteoarthritis [41, 43].

19.2.3  Rat

Small animal models have been explored in order to address the challenge for osteo-
chondral repair [44, 45]. The use of rats as osteochondral defect model seemed very 
attractive in order to provide proof-of-concept data. Rat model display some advan-
tages: (i) economically rats are relatively low cost and easy to care of; and (ii) clini-
cally they are more relevant than the mouse model based on their articular cartilage 
which presents typically also a zonal structure mimicking the one observed in 
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human joints [46]. And as for mice, immune-deficient models are also available. 
However, articular cartilage is thinner, and defects are much smaller compared with 
humans; moreover, most defects cannot be set without penetrating the subchondral 
bone plate. Therefore, the rat model, as well as mice model, seems suitable only for 
preliminary in vivo assays and not for preclinical studies, but there is a constant 
requirement to better understand the biology of osteochondral defects. Different 
approaches have been applied on rat models to evaluate osteochondral defects res-
toration. Joint surface of rat knee demonstrated some regenerative ability. The major 
and growing concerns in osteochondral repair remained to evaluate the normal pro-
gression of spontaneous osteochondral healing during time, not only regarding the 
altered area but also in the cartilage surrounding the defect. Therefore, it remained 
fundamental to define a critical size osteochondral defect model and to establish the 
subchondral bone plate advancement toward the join surface [47]. Katagiri et al. 
defined a critical size osteochondral defect as 1.4 mm in diameter in rat and showed 
that the subchondral bone plate advancement happened quickly [48]. Moreover, 
they showed that the articular cartilage close to the osteochondral defect presented 
expression of Interleukin 1 beta (IL1β), fibroblast growth factor 2 (FGF2), and a 
disturbed FGF receptor 1/FGF receptor 3 balance, resulting in a catabolic activity 
which potentially could be responsible of an early osteoarthritic disease process.

Instead it is well described that a large osteochondral defect does not repair itself 
with original cartilage and leads to osteoarthritis; other approaches have been evalu-
ated in order to induce the repair of osteochondral defect. Scaffold-free cell-based 
strategies have been tested. The transplantation of autologous chondrocytes organized 
in sheets has been showed to promote the repair mechanism of osteochondral defect 
[49] compared to synovium cells, described to have the highest potential for both 
proliferation and chondrogenesis [50]. Another approach was the use of cartilage- like 
tissue, generated ectopically by muscle-derived cells or amnion- derived cells using 
bone morphogenetic protein-2, which showed to be effective in repairing articular 
cartilage defects in rats [51, 52]. However, problems have been reported such as the 
dedifferentiation of cells with passaging [53]. Therefore, a strategy that mobilizes the 
endogenous pool of mesenchymal stem cells (MSCs) would offer a cheaper and less 
invasive alternative. MSCs are widely used as scaffold- free cell strategy for osteo-
chondral defects regeneration [53–57]. Moreover, Yamaguchi demonstrated that exer-
cise could efficiently promote cartilage repair after an MSC intra-articular injection 
[58]. As with all cell-based strategies, there are significant logistic and operational 
challenges associated with proper handling and cell storage required to maintain cell 
viability and vitality. Therefore, in view of all these issues, cell-free-based approaches 
have been tested. The administration of the myelostimulant granulocyte-colony stim-
ulating factor (G-CSF) [59], a cytokine that serves as a growth factor for the hemato-
poietic stem cells, or exosome [60] (Fig. 19.1), a cell-secreted nano-sized vesicles 
present in the MSC secretome, has demonstrated potential for cartilage repair. Both 
strategies could overcome the impeding restrictions of current cell-based therapies.

Another therapeutic strategy for osteochondral repair is based on the implanta-
tion of scaffolds. Since rat model also offers a cost-effective means for in vivo evalu-
ation of degradation characteristics and safety profile of new biodegradable scaffolds 
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Fig. 19.1 In vivo cartilage repair at 6- and 12-week post-surgery. (Reprinted with permission [60]. 
Copyright © 2016, Elsevier)
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and polymers, cell-free and cell-seeded scaffolds approaches have been investigated. 
Regarding the acellular scaffold-based strategies, the impact of different biomateri-
als and structures has been evaluated on cartilage and bone repair. Ferretti et al. used 
the rat osteochondral defect model to support the use of genipin crosslinked polyeth-
ylene glycol hydrogels as an innovative delivery system to control in vivo release of 
growth factors for improving articular cartilage repair [61]. Nanofiber scaffold, 
composed of poly(vinyl alcohol) or chondroitin sulfate, has enhanced the endoge-
nous repair process without exogenous cells [62]. The use of cell-free multilayered 
silk fibroin-based scaffolds, combined or not with TGFb2 and BMP-2 growth fac-
tors, has shown to possess an inherent ability to attract endogenous, joint-resident 
cells capable of differentially differentiating down the osteochondral lineages [63]. 
Nogami et al. [64] developed a cell-free scaffold composed of human amniotic mes-
enchymal (HAM) cell-derived extracellular matrix and polylactic-co-glycolic acid. 
They demonstrated that the implantation of this cell- free scaffold, in rat model of 
osteochondral defect, promoted in-growth of endogenous cells and resulted in good 
cartilage repair [64]. More recently the administration of absorbable gelatin sponges, 
combined with insulin-like growth factor-1 or hyaluronic acid, in rat knee has 
showed to be efficient in the repair of osteochondral lesions [65]. The potential of 
cellular scaffolds on osteochondral defect repair in rat model has also been investi-
gated. Within those assays, both cell types and scaffold materials have been studied. 
Dahlin et al. evaluated the impact of the ability of cocultures of articular chondro-
cytes and MSCs to repair articular cartilage in osteochondral defects [66]. For that 
purpose, bovine articular chondrocytes and rat MSCs were seeded separately or in 
coculture onto electrospun poly(ε-caprolactone) scaffolds and implanted in the 
defect. The authors demonstrated the potential for the use of cocultures of articular 
chondrocytes and MSCs for the in vivo repair of cartilage defects [66]. Moreover, 
the implantation of autologous chondrocyte, cultured in media supplemented with 
recombinant acid ceramidase and seeded on a biphasic material containing a colla-
gen I top layer and a porous collagen III bottom layer (Bio-Gide), has enhanced 
cartilage repair in a rat osteochondral defect model [67]. All these studies supported 
the importance of designing tissue-engineered scaffolds that mimic the physical and 
biological components of extracellular matrix to produce ideal tissue repair in vivo. 
Overall, small rodents are attractive models for cartilage research due to the acces-
sibility of immune-deficient and transgenic animals, as well as cheaper to house and 
purchase. Nevertheless, their translational potential remains limited due to their 
small joint size and tiny cartilage. In the context of bone and cartilage repair and 
regeneration, rodent models are most useful for in vivo mechanistic studies, feasibil-
ity studies, and preliminary testing of new therapy strategies.

19.2.4  Rabbit

The rabbit model provides a more appropriate small animal model for the assess-
ment of osteochondral defect repair as they have larger joints and are a sufficient 
size for easy surgical procedures. Moreover they presented a bone plate thickness 
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of 0.4–0.5 mm and a cartilage thickness of 0.25–0.75 mm [68, 69]. As for the 
previously described models, rabbits are easy to handle and low cost to maintain 
in- house. However, this model presents some disadvantages, i.e., an increased 
intrinsic healing due to increased cell density, different load characteristics on the 
join, and the difficulty to achieve a consistent partial thickness. In all studies that 
will be cited thereafter, the creation of an osteochondral defect was always based 
on the same protocol. The rabbits were anesthetized and, through a longitudinal 
parapatellar incision, the patella was laterally dislocated. All visible bleeding was 
carefully cauterized. With the knee joint maximally flexed, an osteochondral 
defect of 3–5 mm in diameter and 2–3 mm deep was created in the load-bearing 
region of the medial condyle. All debris were removed from the defect with a 
curette and the edges cleaned with sharp scalpel blade. After, the patella was relo-
cated and the wound sutured in layers [70, 71]. Moreover, the age of the rabbit at 
the time of the surgery remains important. A histological and radiographic study 
of the closure of the distal femur, proximal tibia, and proximal fibula demon-
strated the New Zealand white rabbits are skeletally mature between 19 and 
24 weeks old [72].

Different tissue engineering (TE) strategies have been developed to address 
osteochondral defect. These approaches are mainly applied for restoration/regen-
eration of the tissues and based on the use of cells, scaffolds, and growth factors 
alone or combined. Cell-based approach is one of the current osteochondral repair 
option. This approach is increasingly explored to deliver biological substitution of 
the injured tissue, either by injection of chondrocytes or implantation of specific 
grafts. However, it is limited by the number of cells available for isolation and by 
the uncontrolled phenotypic alterations in those cells. As such, stem cells have 
been investigated as cell sources for cartilage and bone engineering due to their 
well- established ability to generate cartilage-like and bone-like tissues under the 
appropriate culture conditions. As alternative cell-based approach, the use of 
platelet-rich plasma (PRP) for the treatment of numerous types of orthopedic dis-
orders, including chondral and osteochondral injuries, has increased recently. 
PRP is a plasma fraction containing a high concentration of platelets and is rich in 
many growth factors (GF). These GF take part in the natural process of tissue 
healing and homeostasis. They present the capability to stimulate cell prolifera-
tion, mesenchymal stem cell chemotaxis, and cell differentiation. Nevertheless, 
the use of PRP in preclinical and clinical studies, in chondral injuries, remains 
controversial [73].

Recently reported rabbit preclinical studies for the treatment of OC lesions using 
different scaffold-free strategies are summarized in Table 19.1 (Fig. 19.2).

Current approaches for articular OC repair are centered on the use of hydro-
gels and scaffolds providing a suitable three-dimensional (3D) environment sup-
porting the growth of cartilaginous and bone repair tissues. These 3D structures 
are often critical, both in vitro and in vivo, to summarizing the in vivo milieu 
and allowing cells to modulate their own microenvironment. The ideal scaffolds 
for OC tissue engineering must to be based on the following basic requirements: 
porous, biocompatible, biodegradable, and appropriate for cell attachment, pro-
liferation, and differentiation. Therefore the biomaterial is one of the key design 
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Table 19.1 Recent preclinical studies for OC repair on rabbit model using scaffold-free based 
approaches

Cells Growth factors References

Autologous bone marrow mesenchymal 
stem cells (BM-MScs)

n.a. [74]

Autologous BM-MScs aggregated into a 
spheroid-like structure

n.a. [75]

Human umbilical cord Wharton’s 
jelly- derived MSCs (hWJMSCs)

n.a. [76]

Allogenic chondrogenic pre-differentiated 
MSCs (C-MSCs)

n.a. [77]

Allogenic magnetically labeled MSC 
(m-MSC)

n.a. [78]

Synovial membrane-derived MSC 
(S-MSC)

n.a. [79]

Adipose-derived MSCs (Ad-MSCs) n.a. [80]
Costal cartilage grafts n.a. [81]
Autologous BM-MSCs Granulocyte-colony stimulating factor 

(G-CSF)
[82]

Autologous BM-MScs Platelet-rich fibrin releasate (PRFr) [83]
Osteochondral autograft transplantation Platelet-rich plasma (PRP)/platelet-

rich fibrin clot
[84]

Osteochondral autograft transplantation PRP [85]
Mosaicplasty PRP [86]
n.a. PRP [87]
n.a. PRP or PRF + stromal cell-derived 

factor-1 (SDF-1)
[88]

n.a. PRP gel [89]

Fig. 19.2 Macroscopic and microscopic findings at 4- and 12-week posttreatment. (Reprinted 
with permission [82]. Copyright © 2017)
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factors to be considered in scaffold- or hydrogel-based OC tissue engineering. 
Different biomaterials are currently used including naturally or synthetically 
derived polymers. Some rabbit preclinical studies for the treatment of OC lesions 
using different hydrogel and scaffold-based strategies are summarized in 
Table 19.2 (Fig. 19.3).

Table 19.2 Recent preclinical studies for OC repair on rabbit model using hydrogel- and scaffold- 
based approaches

Hydrogel/scaffold Cells/growth factors References

Natural polymers Laminin BM-MSCs [90]
IGF-1
TGF-β1

Gelatin-chitosan TGF-β1 [91]
Collagen SDF-1 [92]
Gelatin BM-MSCs [93, 94]

Chondrocytes
Mixture of natural and 
synthetic polymers

Collagen-SF PTHrP [95]

Synthetic polymers GCH-GCBB BM-MSCs [17]
Chondrocytes

PLGA BM-MSCs [96, 97]
BMP-2

GelMA/PAM n.a. [98]
OPF TGF-b3 [13, 99]

IGF-1
BMP-2

SF/silk-nanoCaP n.a. [100]
SF/CNF TGF-β1 [101]

BMP-2
SF/CS – SF/CS/nHA BM-MSCs [102]
HAp S-MSCs [103]
PLDLA/HAp n.a. [104]
HAp/PCL n.a. [105]

Synthetic polymers Hap/DN n.a. [106]
PAMPS/PDMAAm n.a. [107]
βTCP S-MSCs [103]
PLLA-CL-COL I/βTCP BM-MSCs [108]

βTCP, Beta-tricalcium phosphate; BMP-2, bone morphogenetic protein-2; CNF, carbon nanofiber; 
COL I, collagen type I; CS, chitosan; DN, PAMPS/PDMAAm double-network; GCBB, gelatin and 
ceramic bovine bone; GCH, gelatin, chondroitin sulfate, and sodium hyaluronate; GelMA, methacry-
lated gelatin; HAp, hydroxyapatite; IGF-1, insulin-like growth factor-1; nanoCaP, nanocalcium phos-
phate; nHA, nano-hydroxyapatite; OPF, oligo(poly(ethylene glycol) fumarate); PAM, polyacrylamide; 
PAMPS, poly-(2-acrylamido-2-methylpropane sulfonic acid); PCL, poly(ε- caprolactone); PDMAAm: 
poly-(N,N0-dimethyl acrylamide); PLDLA, poly-l/d-lactide; PLGA, poly(lactide-co-glycolide); 
PLLA-CL, poly (l-lactic acid)-co-poly (ε-caprolactone); PTHrP, parathyroid hormone-related pro-
tein; SDF-1, stromal cell-derived factor-1; SF, silk fibroin; TGF-β1, transforming growth factor beta 1
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19.3  Conclusions

Over the previous few years, progress has been realized to reinforce the use of tissue 
engineering strategies in preclinical studies and clinical assays aiming the regenera-
tion of OC lesions. In preclinical studies, the main approaches involve the improve-
ment of new biomaterials used for the development of biocompatible scaffolds/
hydrogels combined or not with growth factors and/or cells. Grafts, from allogenic 
or autologous origin, or arthroplasty already proved their possibilities in cartilage 
repair. Despite this numerous therapeutic proposals for the chondral and osteochon-
dral lesions, it remains difficult to agree on the best treatment to be applied. Before 
clinical trials, those strategies have to demonstrate their potential during preclinical 
studies in animal models. Animal studies are essential to establish a proof-of- 
concept, which will be based on biological responses, degradation time, and dose 
response of the implanted materials. However, and in order to evaluate the potential 
of new regenerative strategies on OC defects, small animal models, which include 
mouse, guinea pig, rat, and rabbit, might not be the most suitable models, since 

Fig. 19.3 “(a - f) Histological analysis of the explants from rabbit OCD. (a, b) H&E and Masson’s 
trichrome staining’s of the longitudinal section of the explants, respectively. (c, d) H&E and 
Masson’s trichrome staining’s of the cross-section of the explants in the silk-nanoCaP layer, 
respectively. (e, f) H&E staining and Masson’s trichrome staining’s of the longitudinal section of 
the defect, respectively. Neocartilage formation in the silk layer of the bilayered scaffolds is indi-
cated by black arrows, and indicates new subchondral bone formation inside the silk-nanoCaP 
layer of the bilayered scaffolds is indicated by the white arrows. (Reprinted with permission [100]. 
Copyright © 2015, Elsevier)
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large animal models (e.g., pig, sheep, goat, or horse) more closely resemble to the 
human tissue.
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Chapter 20   
Large Animal Models for Osteochondral 
Regeneration             

Isabel R. Dias, Carlos A. Viegas, and Pedro P. Carvalho

Abstract Namely, in the last two decades, large animal models – small ruminants 
(sheep and goats), pigs, dogs and horses – have been used to study the physiopathol-
ogy and to develop new therapeutic procedures to treat human clinical osteoarthri-
tis. For that purpose, cartilage and/or osteochondral defects are generally performed 
in the stifle joint of selected large animal models at the condylar and trochlear femo-
ral areas where spontaneous regeneration should be excluded. Experimental animal 
care and protection legislation and guideline documents of the US Food and Drug 
Administration, the American Society for Testing and Materials and the International 
Cartilage Repair Society should be followed, and also the specificities of the animal 
species used for these studies must be taken into account, such as the cartilage thick-
ness of the selected defect localization, the defined cartilage critical size defect and 
the joint anatomy in view of the post- operative techniques to be performed to evalu-
ate the chondral/osteochondral repair. In particular, in the articular cartilage regen-
eration and repair studies with animal models, the subchondral bone plate should 
always be taken into consideration. Pilot studies for chondral and osteochondral 
bone tissue engineering could apply short observational periods for evaluation of 
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the cartilage regeneration up to 12  weeks post-operatively, but generally a 6- to 
12-month follow-up period is used for these types of studies.

Keywords Large animal models · Osteochondral tissue · Tissue engineering · 
Translational studies

Highlights
The defects in large animal models – small ruminants (sheep and goats), pigs, dogs 
and horses – are generally performed in the stifle joint at the condylar and trochlear 
femoral areas where spontaneous regeneration should be excluded.

In articular cartilage regeneration and repair studies with animal models, the 
subchondral bone plate must be taken into consideration.

Pilot studies for chondral and osteochondral bone tissue engineering could apply 
short observational periods for evaluation of the cartilage regeneration up to 
12 weeks post-operatively, but generally a 6- to 12-month follow-up period is used 
for these types of studies.

20.1  Introduction

Due to the lack of a blood supply and the low cellular density of articular cartilage, 
this hard tissue has a limited healing capacity. Therefore, focal traumatic events 
causing cartilage defects rarely resolve spontaneously or are usually repaired by 
tissue with inferior properties when compared to the original chondral tissue, which 
may subsequently develop clinical osteoarthritis (OA). Cartilage lesions are typi-
cally treated by chondroplasty and palliative debridement techniques, drilling and 
microfracture repair or restoration techniques that employ autologous chondrocyte 
implantation, mosaic arthroplasty and osteochondral allograft transplantation [1–5]. 
Nevertheless, recent advances in osteochondral tissue engineering have prompted 
research on techniques to repair articular cartilage damage using a variety of trans-
planted cells or novel replacement devices [6–19].

In this way, animal models of experimental articular cartilage defect are largely 
used in preclinical and translational research studies to assess novel concepts for 
chondral and osteochondral tissue engineering treatments aiming for regenerative 
joint resurfacing [20]. Relatively to laboratory animal models (mouse, rat and rab-
bit), generally used for pilot and proof of concept in orthopaedic research studies, 
the large animal models (small ruminants – sheep and goat – pig, dog and horse) 
have the advantages of having joint size and cartilage thickness and also the clinical 
lesions most similar to those present in humans [21–23]. These large animal models 
also exhibit secondary Haversian bone tissue remodelling in the skeletally mature 
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stages of their lifespan, bone tissue macro- and microstructure and composition, 
biochemical bone properties and bone mineral density more closely to humans. 
Nevertheless, we can also find variations in bone and cartilage tissue composition 
and mechanical properties that are species-dependent [24–31]. The most remark-
able differences of these animal models in orthopaedic research are their rapid 
growth, with a predominance of plexiform or lamellar bone in the areas adjacent to 
the periosteum and endosteum of long bone cortices during the first years of their 
lifespan (namely, in the dog and the small ruminants), and the quadruped locomo-
tion relatively to the biped locomotion of the human species that use exclusively the 
hindlimbs for this purpose [30].

Some of these animal species also exhibit significant differences in their metabo-
lism, namely, concerning the gastrointestinal system with a completely different 
diet and reproductive and endocrine systems relatively to the human species. This 
marked physiological specificity could also influence hard tissues’ composition and 
microstructural properties. Sheep and goats are small ruminant (polygastric stom-
ach) herbivores, seasonally polyestrous beginning a 10-month period of oestrous 
cycling when daylight hours diminish in the fall [32]. Pigs, like humans, are true 
omnivores with a monogastric stomach and an identical digestive physiology [33]. 
Pigs are polyestrous and cycle approximately every 19.5 days [34]. Dogs are mono-
gastric stomach carnivores that have evolved to an omnivorous characteristic due to 
domestication, nevertheless maintaining an anatomy, namely, of dentition and 
digestive system, physiology and diet behaviour of carnivore species [35]. Domestic 
dogs are nonseasonal monoestrous polytocous [36]. The horse is a domesticated 
modified monogastric herbivore with a simple stomach and a unique digestive tract 
that digests portions of its feeds enzymatically first in the foregut and then ferments 
in the hindgut [37]. The horse is predominantly monovulatory with seasonal breed-
ers with ovulatory oestrous cycle activity being related to long days, between May 
and October [38].

The ideal animal model should mimic as close as possible the clinical setting, 
being biologically analogous and recognizable as an appropriate model for carti-
lage physiology [20, 39]. Nonetheless, this objective of performing valid cartilage 
defect testing studies has been very difficult to achieve, [40] since 95% of the 
human cartilage defects do not affect the subchondral bone [41]. On the contrary, 
in experimental studies using animal models, the subchondral bone is frequently 
involved in various of these studies [20] with the subsequent advancement of the 
subchondral bone plate during spontaneous healing of osteochondral defects and 
following articular cartilage treatment for chondral lesions using, for instance, 
marrow stimulation or tissue engineering strategies [42]. Another difference 
between human cartilage lesions and those experimentally induced in animal mod-
els is the volume of the cartilage defect which is larger in humans than in animal 
models, having approximately a mean total volume of 552.25 mm3, with 10 mm or 
more in diameter, and usually involving only chondral tissue [20, 22, 41, 43–45]. 
In the most common animal models used for osteochondral bone repair studies, the 
total volume of the cartilage defects is reduced relatively to human and also involv-
ing the subchondral bone (mean total volume: sheep, 359.54  mm3; goat, 
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251.65 mm3; pig, 107.43 mm3; dog, 82.39 mm3; horse, 334.73 mm3) [20]. This fact 
could be partially justified by the large variation of cartilage thickness between 
human and the above referred animal species (medial femoral condyle cartilage 
thickness: human 2.35  mm; sheep, 0.45  mm; goat, 1.1  mm; pig, 1.5  mm; dog, 
0.95 mm; horse, 1.75 mm) where humans present the thickest articular cartilage at 
the stifle joint level [46]. Martino et al. [47] had already referred a thickness of 
articular cartilage at the femoral condyles ranging from 2.2 to 2.4 mm in humans, 
also confirmed by the value presented by Frisbie et al. [46] for man. This anatomi-
cal difference between species, and also their different body size [48] with a very 
thin articular cartilage layer present in most of the animal models used in articular 
cartilage regeneration and repair studies, could justify in part the involvement of 
the subchondral bone in these studies.

In view of the aforementioned, we have not found yet an ideal preclinical animal 
model for translational orthopaedic studies concerning the treatment of articular 
cartilage lesions in humans. Consequently, the choice of an appropriate animal 
model for chondral or osteochondral tissue engineering studies by researchers 
should be based on published scientific literature [49–56] and guideline documents 
of the American Society for Testing and Materials, [57] the International Cartilage 
Repair Society [58, 59] and the US Food and Drug Administration [60], performing 
a multifactorial analysis of each animal model.

This review tries to introduce and discuss the advantages and limitations of the 
most common large animal models used for chondral and osteochondral defects 
repaired by tissue engineering approaches. These defects are generally surgically 
induced focal defects; however, other types of direct injuries are also described in 
scientific literature, which aim to promote cartilage loss and osteoarthritis, such as 
joint destabilization (medial meniscal release, medial femoral condylar groove cre-
ation or anterior cruciate ligament transection in the canine stifle joint) [56, 
61–64].

20.2  Large Animal Models

20.2.1  Sheep

Sheep are frequently used as an animal model in orthopaedic research since they are 
easily available, easy to handle and relatively inexpensive to purchase and maintain 
(feeding, housing). They have a strong flocking instinct, resulting from a protective 
group behaviour; they are docile and without any major behavioural adverse traits. 
The skeletal maturity in sheep is achieved between 2 and 3 years of age. Specifically 
referring to the articular cartilage defect repair studies, sheep models allow 
arthroscopic evaluation; nevertheless the species has a large infrapatellar fat pad and 
demands a marked flexion of the stifle joint to allow the visualization of the femoral 
condyles [20].
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Concerning the thickness of the articular cartilage, there are a few different 
reports in the scientific literature. Simon [65] refers a cartilage thickness of femoral 
condyles of 1.68 mm, Lu et al. [66] report a cartilage thickness ranging from 0.4 to 
1 mm at stifle joint level, and Frisbie et al. [46] report a 0.45 mm at the medial femo-
ral condyle, among other authors’ references to this parameter [67]. Archibald et al. 
[68] also reported an average articular cartilage thickness of the stifle joint of 
1.2 mm for sheep. This variation indicates a large interindividual variation of the 
volume of osteochondral bone tissue involved among animals of different experi-
mental groups, with consequent variability within the results and difficulty in its 
analysis and comparison of different studies using ovine models [20]. It is common 
for large defects in sheep to involve large subchondral bone tissue, which is very 
dense and hard, making it difficult to create identical bone defects when trephine 
and fracture techniques are used instead of drilling [20].

The large majority of the cartilage defect studies in sheep are performed in the 
stifle joint involving the weight-bearing area of one or both femoral condyles and/
or in the femoral trochlea, with a follow-up post-operative period which generally 
varies between 2 weeks and 18 months (Table 20.1). Typically, defects are either 
surgically created, ranging from 4 mm to 15 mm in diameter chondral/osteochon-
dral, or impact injury whose primary use is in pivotal studies for which post- 
operative management variables are not critical [56]. The critical size defect 
(CSD – it should be considered the smallest wound established at the cartilage tis-
sue, which cannot heal spontaneously during the lifetime of the animal) considered 
for cartilage defects in sheep is reported as 7 mm [56, 67].

The largest number of preclinical and translational studies for osteochondral tis-
sue engineering that resort to large animal models has been performed in the ovine 
species, with a marked increase over the last 5 years – from 2013 to the present 
moment. Nonetheless, the large majority of the studies performed in sheep are 
in vivo studies, whereas only a few are in vitro studies performed with cells of ovine 
origin, such as the study of Vahedi et al. [126] which aims to evaluate adipose tissue- 
derived stem cells (ASCs) from infrapatellar fat pad and to characterize the cell 
surface markers using antihuman antibodies of these cells, based on the potential of 
ASCs for cellular therapies to repair injured tissues.

Referring to the in vivo studies in sheep, the large majority of them focus on 
acute chondral/osteochondral surgical lesions that are treated at the surgical moment 
by tissue engineering techniques. A minor part of these studies report posterior 
treatment by means of a second surgical intervention or arthroscopic technique for 
the injury treatment (Table 20.1). There are also a few studies in the ovine species 
published in the scientific literature which describe the induction of OA by promo-
tion of articular instability of the stifle joint achieved by unilateral meniscectomy 
(generally the medial meniscus) and/or anterior cruciate ligament (ACL) resection 
associated with a post-operative exercise period after a recovery period, for later cell 
therapy by the intra-articular injection of living cells for repair of the chondral 
lesions. Example of that is the study of Al Faqeh et al. [127] where all animals were 
made to run on a hard surface for a distance of 100 m, once daily for 3 weeks after 
a recovery period of 3 weeks, with posterior intra-articular injection of a single dose 
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Table 20.1 Chondral/osteochondral tissue engineering studies performed in ovine model for 
cartilage repair

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Homminga 
et al. [69]

10 adult female 
Texel sheep

Full-thickness cartilage 
5 mm × 10 mm defect in 
the weight-bearing area 
of the medial femoral 
condyle of the stifle joint

Xenograft of costal rabbit 
perichondrium fixed with human 
fibrin glue
12 weeks

Hurtig et al. 
[70]

24 adult female 
Suffolk-Romanoff 
crossbred sheep

Cartilage 11.5 mm Ø 
defects perpendicular to 
the weight-bearing 
portion of the femoral 
condyle of stifle joint

Fresh autograft and frozen 
allograft osteochondral dowel 
grafts 3, 6 and 12 months

Pearce et al. 
[71]

13 mature sheep Full-thickness cartilage 
14 mm deep defect on the 
weight-bearing surface of 
the medial femoral 
condyle of the stifle joint

4.5 mm × 10 mm cylindrical 
osteochondral autografting held 
in place by sidewall friction 
alone; grafts were delivered 
flush with the surrounding 
cartilage or left 2 mm proud of 
the joint surface

Siebert et al. 
[72]

20 sheep (10 
animals per group)

Osteochondral defects in 
stifle joint

Autologous osteochondral 
transplants under the influence 
of bFGF 3 and 6 months

Von 
Rechenberg 
et al. [73]

40 adult Swiss, 
female alpine 
sheep, 3–4 years of 
age (4 to 14 
animals per group)

Cartilage 6 mm deep 
defects in both stifle 
joints using the medial 
and the lateral femoral 
condyle of each joint

4.4 mm fresh, untreated auto- 
and 5.3 mm Ø × 6 mm deep 
xeno- and photooxidized 
osteochondral allo- and 
xenografts
2, 6, 12 and 18 months

Guo et al. 
[74]

Sheep Full-thickness cartilage 
8 mm Ø × 4 mm in depth 
defects in stifle joint

Autologous bone marrow MSCs 
and chondrocytes seeded onto 
β-TCP scaffold + autogenous 
periosteal grafts
12 and 24 weeks

Tibesku 
et al. [75]

4 male Holstein 
sheep, 87–102 kg

Cartilage 10-mm-lenght 
hole defect in the 
load-bearing areas of 
medial and lateral 
femoral condyle from 
one stifle joint

8.0 mm Ø × 10-mm-long 
osteochondral autografts 
obtained from one of the stifle 
joints
3 months

Dorotka 
et al. [76]

11 adult Austrian 
sheep (11 female, 1 
male), ±80 kg

Subchondral 4.5 mm 
defects in the right 
medial femoral condyle 
of stifle joint (1 and 
2.5 cm distal from the 
intercondylar notch)

Microfracture perforations 
2 mm deep and a three- 
dimensional collagen matrix 
seeded with autologous 
chondrocytes
16 weeks

(continued)
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Table 20.1 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Hoemann 
et al. [77]

18 sheep (4 to 8 
animals per group)

Full-thickness chondral 
1 cm2 defects in the stifle 
joint (one defect in the 
medial femoral condyle 
and the other defect in 
the trochlea)

Microfracture perforations + 
chitosan-glycerol phosphate/
autologous whole blood
6 months

Russlies 
et al. [78]

15 adult German 
sheep, 1–2 years of 
age (5 animals per 
group)

Full-thickness 
osteochondral 7 mm to 
9 mm Ø defects – one in 
the trochlea groove and 
the other in the medial 
femoral condyle of one 
of the stifle joints

Autologous chondrocyte 
transplantation + periosteum or 
in combination with a collagen 
I/III membrane cover
1 year

Tytherleigh- 
strong et al. 
[79]

12 adult sheep Osteochondral defect on 
the medial femoral 
condyle

Intra-articular hyaluronan 
viscosupplementation after 
osteochondral grafting (mosaic 
arthroplasty)
12 weeks

Burks et al. 
[80]

12 sheep Circular cartilage 10 mm 
defect in the medial left 
and right femoral condyle 
of stifle joint

6 mm circular osteochondral 
autograft plug + bone graft
6 and 12 months

Frosch et al. 
[81]

9 sheep Osteochondral 7.25 mm 
Ø × 5-mm-deep defects 
in the medial trochlea of 
both femora in stifle 
joints

Round titanium implants with a 
2 mm × 7.3 mm Ø were seeded 
with autologous bone marrow 
MSCs
6 months

Kandel et al. 
[82]

12 sheep (3 to 9 
animals per group)

Full-thickness 
osteochondral 4 mm Ø × 
9 mm deep defects in the 
trochlear groove of stifle 
joint

Biphasic cartilage-calcium 
polyphosphate constructs 
(“osteochondral”-type plug)
3, 4 and 9 months

Siebert et al. 
[83]

16 adolescent 
merino sheep, 
≥50 kg (8 animals 
per group)

Osteochondral 6.3 mm Ø 
× 8–10 mm in depth in 
the weight-bearing 
surface of each femoral 
condyle in the stifle joints

Osteochondral autologous 
transplantations + PBS 
containing 50 μg bFGF or 
BMP-2 directly prior to 
implantation
6 months

Jones et al. 
[84]

21 sheep (7 
animals per group)

Partial-thickness 6 mm Ø 
× 1.5 mm in depth 
defects on the trochlea 
and medial femoral 
condyle of the stifle joint

Autologous chondrocyte 
transplantation or type I/III 
collagen membrane
8, 10 and 12 week

(continued)
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Table 20.1 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Jubel et al. 
[85]

48 sheep (12 to 20 
animals per group)

Chondral defects 4 mm Ø 
(1 per sheep) in the 
centre of one medial 
femoral condyle of stifle 
joint

Autologous de novo cartilage 
graft + periosteal flap
26 and 52 weeks

Schlichting 
et al. [86]

24 sheep Critical osteochondral 
defects in the femoral 
condyles of the stifle 
joint

Subchondral bone reconstructed 
with a stiff scaffold or a 
modified softer one
3 and 6 months

Schagemann 
et al. [87]

12 sheep (4 
animals per group)

Osteochondral femoral 
defects in the stifle joint 
(4 defects per animal)

Alginate-gelatin biopolymer 
hydrogel + autologous 
chondrocytes or periosteal cells
16 weeks

Streitparth 
et al. [88]

12 sheep (6 
animals per group)

Osteochondral defects in 
condylar facets of femur 
in stifle joint

PGLA scaffold or a modified 
softer one (87% and 55% of the 
elastic modulus of ovine 
subchondral bone, respectively)
6 months

Wegener 
et al. [89]

12 skeletally 
mature M erino 
sheep, 18 months 
of age, ≥60 kg (6 
animals per group)

Chondral 8 mm Ø defects 
in the weight-bearing 
area of femoral condyle 
of the stifle joint (2 
defects per animal)

Microfracture perforations + 
PGLA implant
12 weeks

Gille et al. 
[90]

30 female common 
German sheep, 
12–18 months of 
age, 46 ± 9.6 kg (6 
animals per group)

Full-thickness 7 mm Ø 
chondral defects in the 
trochlea and medial 
condyle of both stifle 
joints

Two scaffolds in comparison 
(collagen I/III, Chondro-Gide®; 
collagen II, Chondrocell®) for 
covering microfractured defects, 
both scaffolds colonized in vitro 
with autologous chondrocytes or 
scaffold-free microfracture 
perforation technique
1 year

Kon et al. 
[91]

12 skeletally 
mature female 
Bergamasca- 
Massese sheep, 
70 ± 5 kg, 
3–4 years of age (4 
animals per group)

Osteochondral 7 mm Ø × 
9 mm in depth defects in 
the weight-bearing areas 
of the right medial and 
lateral femoral condyle 
of the stifle joint (2 
defects per animal)

New multilayer gradient 
nanocomposite scaffold 
obtained by nucleating collagen 
fibrils with HA nanoparticles + 
in vitro cultured autologous 
chondrocytes
6 months

Kon et al. 
[92]

12 skeletally 
mature female 
Bergamasca- 
Massese sheep, 
70 ± 5 kg, 
3–4 years of age (4 
animals per group)

Osteochondral 7 mm Ø × 
9 mm in depth defects in 
the weight-bearing areas 
of the right medial and 
lateral femoral condyle 
of the stifle joint (2 
defects per animal)

PRP + multilayer gradient, 
nanocomposite scaffold 
obtained by nucleating collagen 
fibrils with HA nanoparticles
6 months

(continued)
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Table 20.1 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Getgood 
et al. [93]

24 skeletally 
mature Welsh 
Mountain sheep, 
±4.3 years of age 
(6 animals per 
group)

Osteochondral 6 mm Ø × 
6 mm in depth defects 
created in the medial 
femoral condyle and the 
lateral trochlea sulcus of 
the stifle joint

Combination of PRP or 
concentrated bone marrow 
aspirate with a biphasic 
collagen/glycosaminoglycan or 
left untreated
6 months

Milano et al. 
[94]

30 sheep Full-thickness chondral 
lesion on the medial 
femoral condyle of the 
stifle joints

Microfracture alone or 
associated with 5 weekly 
injections of autologous 
conditioned plasma
3, 6 and 12 months

Bell et al. 
[95]

5 skeletally mature 
Arcott cross female 
sheep from specific 
pathogen-free 
herds, 2–4 years of 
age, 65–93 kg

2.5 mm Ø Jamshidi 
biopsy holes created 
bilaterally in the medial 
femoral condyle of the 
stifle joints (6 defects/
joint)

Three distinct molecular weight 
presolidified chitosan 
formulation-blood implant with 
fluorescent chitosan tracer 
(10 kDa, 40 kDa or 150 kDa 
chitosan) or untreated (left to 
bleed) (control left joint)
1 day, 3 weeks and 3 months

Bernstein 
et al. [96]

28 female merino 
sheep, 2–4 years of 
age, 
74.54 ± 16.55 kg (7 
animals per group)

Osteochondral 
7-mm-wide × 
25-mm-long hole drilled 
in the Centre of the 
load-bearing area of the 
medial femoral condyle 
of the right stifle joint 
(left joint served as 
control)

Cylindrical plugs of 
microporous β-TCP (7 mm Ø 
long × 25 mm long; porosity 
43.5 ± 2.4%; pore Ø ~5 μm) 
with interconnecting pores + 
seeded and cultured in vitro with 
autologous chondrocytes for 
4 weeks
6, 12, 26 and 52 weeks

Carneiro 
et al. [97]

10 healthy female 
sheep, 1–2 years of 
age, 30–50 kg

Osteochondral 8 mm Ø 
defects produced in the 
middle of the trochlear 
groove of both stifle 
joints without affecting 
the subchondral bone but 
only until the bleeding 
became evident

Autologous PRP of control 
defects in the left stifle joint left 
unfilled
12 weeks

Fan et al. 
[98]

Sheep Cylindrical cartilage- 
subchondral bone defects 
created in the right 
femoral of the stifle joint

HA-β-TCP, PLGA-HA-β-TCP 
dual-layered composite 
scaffolds or autologous bone 
chips + autologous cartilage 
layer on top of the subchondral 
materials
3 months

(continued)
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Table 20.1 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Kunz et al. 
[99]

15 mature sheep (5 
animals per group)

Traumatically inducted 
chondral 4.5 mm to7 mm 
Ø defect anterior central 
weight-bearing region of 
the medial femoral 
condyles of both stifle 
joints performed through 
a 2 cm infrapatellar 
arthrotomy [302]

After 4 months, autologous 
osteochondral cartilage repaired 
using conventional approach, 
optically guided method or 
template-guided method
3 months after repair surgery

Martinez- 
Carranza 
et al. [100]

12 healthy female 
SwedishL andrace 
sheep, 5–7 years of 
age, 70–99 kg (6 
animals per group)

For primary fixation, the 
implants have an 
HA-coated peg (10 mm 
long × 2 mm Ø) that was 
press-fitted into an 
undersized (1.8 mm Ø) 
drill hole in the bone 
adapted to the contour of 
the posterior weight- 
bearing of the medial 
femoral condylar surface 
of stifle joint

Monobloc implants (Episurf 
AB, Stockholm, Sweden):
- 1st batch (outer 10 mm Ø, 
hemispherical radius of 17 mm) 
(spark plasma sintering 
technique with a gradient 
powder blend of 50% HA at the 
non-articulating surface and 
pure stainless steel -316 L 
towards the joint cavity)
- 2nd batch (7.5 mm Ø), 
double-curved (radii 19 and 
12 mm) computer-aided design/
computer-aided manufacturing 
modelled articulating surface, 
according to CT scans of a 
standard sheep knee (implant- 
grade Cr-co with a coating of 
plasma-sprayed HA – Plasma 
Biotal ltd. Buxton, GBR)
6 and 12 weeks

Mayr et al. 
[101]

28 sheep, 2–4 years 
of age, 
74.54 ± 16.55 kg (4 
animals per group)

Osteochondral 7 mm Ø × 
25 mm in depth defects 
created in the medial 
femoral condyle of the 
left stifle joint; right stifle 
joint served as control

Microporous β-TCP cylinders 
seeded with autologous 
chondrocytes obtained from 
right patella and cultured for 
4 weeks in vitro or left untreated
6, 12, 26 and 52 weeks

Schinhan 
et al. [102]

18 mature female 
Austrian Mountain 
sheep,71 ± 11 kg

Unicompartmental OA 
induced in a stable joint 
by creating a critical size 
defect 7 mm Ø associated 
with a weight-bearing 
regime of 12 weeks 
(Schinhan et al. [131])

Spongialization alone, 
spongialization followed by 
implantation of a hyaluronan 
matrix with autologous 
chondrocytes or without 
chondrocytes
4 months after repair surgery

(continued)
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Table 20.1 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Schleicher 
et al. [103]

12 female merino 
sheep, 2 years of 
age, 41.8 ± 3.6 kg 
(6 animals per 
group)

Osteochondral 9.4 mm Ø 
× 1.1 cm in deep defects 
in the weight-bearing 
area of the medial 
femoral condyle of the 
right stifle joint

Scaffold A – 8- to 10-mm-deep 
layer of HA + collagen (ratio of 
1:3); the 2 mm upper layer 
consisted of porcine collagen I/
III (combination of the 2 layers 
by dripping 20 μL collagen onto 
the plane surface of the cylinder 
five times, each time followed 
by a drying period)
Scaffold B – Allogenous bone 
derived from sheep coxae + an 
upper layer of porcine collagen 
I/III (equal combination 
protocol of the 2 layers + 
lyophilization + γ-ray 
sterilization)
6 weeks

Schleicher 
et al. [104]

12 female merino 
sheep, 3 years of 
age, 58.4 ± 9.3 kg 
(6 animals per 
group)

Osteochondral 9.4 mm Ø 
× 1.1 cm in deep defects 
in the weight-bearing 
area of the medial 
femoral condyle of the 
right stifle joint

Allogenous bone cylinders 
(bone tissue from sheep coxae + 
upper layer of porcine collagen 
by dripping 20 μL of collagen 
five times onto the surface of the 
bone cylinder, each time 
followed by a drying period + 
lyophilization + γ-ray 
sterilization) + cultured 
autologous chondrocytes 
dripped onto the surface
6 weeks, 3 and 6 months

Caminal 
et al. [105]

9 Ripollesa-Lacona 
breed sheep, 
3 years of age

Chondral 7 mm Ø defect 
with complete removal of 
articular cartilage 
(without affecting the 
subchondral bone) in the 
medial femoral condyle 
of the stifle joint

Cylindrical PLGA scaffolds 
(7 mm Ø × 2 mm thick) either 
alone or seeded with 
3.3 × 106 ± 0.4 × 106 autologous 
bone marrow MSCs fixed with 
fibrin glue (Tissucol duo®)
12-month follow-up study

Eldracher 
et al. [106]

13 adult sheep Rectangular full- 
thickness chondral defect 
in the trochlea of the 
stifle joints

Microfracture treatment with six 
subchondral drillings of either 
1.0 mm (reflective of the 
trabecular distance) or 1.8 mm 
Ø
6 months

(continued)
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Table 20.1 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Fonseca 
et al. [107]

6 healthy 
Ripollesa-Lacona 
breed ewes, 2 year 
of age

Cylindrical osteochondral 
3.5 mm Ø × 5 mm in 
depth lesions in the 
caudal aspect of the 
medial femoral condyle 
of both stifle joints

To evaluate the feasibility of an 
arthroscopic approach for the 
implantation of biocompatible 
cell-free and cell-loaded 
(3 × 106 autologous 
chondrocytes) PLGA scaffolds 
(cylindrical shape, 4 mm Ø × 
7 mm high)
11 and 19 weeks

Guillén- 
García et al. 
[108]

15 female 
Manchega sheep, 
2–3 year of age

Full-thickness 1 cm2 
incision in the articular 
cartilage of the medial 
femoral condyle of the 
stifle joint using a scalpel

Different doses of 1 and 5 
million of chondrocytes or 5 
million MSCs deposited on top 
of the rough face of the 
membrane used as carrier of the 
cells sealed on top of the injury 
with Tissucol® and sutured to 
the adjacent cartilage 
(microfracture at the trochlea 
and normal cartilage from a 
nearby region used as 
references)
12 weeks

Martinez- 
Carranza 
et al. [109]

10 healthy female 
Swedish landrace 
sheep, ±4 years of 
age, ±74.4 kg (3 
and 6 animals per 
group)

Implants (7.5 mm Ø with 
a double-curved – Radii 
19 and 12 mm – 
Articulating surface) 
unilateral medial femoral 
condyle insertion in the 
weight-bearing surface of 
the stifle joint

Monobloc unipolar cobalt- 
chrome implant with a double 
coating (1st layer of 
commercially pure titanium 
60 μm and on top of which a 
layer of HA 60 μm)
6 and 12 months

Pilichi et al. 
[110]

22 adult Sarda 
ewes, ±5.5 years of 
age, ±45 kg

Osteochondral 6 mm Ø × 
2-mm-deep defects in the 
medial femoral condyles 
of both stifle joints (right 
joint as control)

Male sheep embryonic stemlike 
cells (500,000 cells were 
embedded in 60 μL of fibrin 
glue engrafted into the cartilage 
defect)
1, 2, 6, 12 and 24 months

Power et al. 
[111]

80 mature female 
Welsh Mountain 
sheep, 3.9 years of 
age (16 animals per 
group)

Chondral 8 mm Ø defects 
in the medial femoral 
condyle of the right stifle 
joint associated with 7 
evenly spaced 1.5 mm Ø 
× 3-mm-deep 
microfracture holes in 
each defect

Microfracture alone or 
microfracture + intra-articular 
rhFGF-18 (100 ng/ml) 
(administered either as 1 or 
2 cycles of 3× weekly 
injections)
13 and 26 weeks

(continued)
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Table 20.1 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Sanz-Ramos 
et al. [112]

12 sheep Focal 6 mm Ø lesions in 
the medial femoral 
condyle, without 
affecting the subchondral 
bone, on both stifle joints

Expanded ovine chondrocytes 
(3 × 106 of the cells in 100 μl 
PBS) on plastic or on 3 mg/ml 
collagen hydrogels under 
hypoxic conditions + periosteal 
flap obtained from the tibial 
epiphysis sutured to the 
surrounding cartilage + 
Tissucol®
3 months

Garcia et al. 
[113]

12 sheep (3 
animals per group)

Full-thickness cartilage 
defect in the bearing 
region of the lateral 
femoral condyle of the 
stifle joint

To compare the potential for 
cartilage repair of fresh or 
cryopreserved amniotic 
membrane, cryopreserved 
amniotic membrane previously 
cultured with bone marrow 
MSCs and untreated defect as 
control
2 months

Gelse et al. 
[114]

10 female adult 
merino sheep, 
3.4 years of age, 
70–80 kg

Chondral 5 mm Ø defects 
in the femoral condyle of 
the stifle joints with 
preservation of the 
calcified cartilage (2 
defects/medial condyle 
separated by 5 mm of 
intact cartilage)

Native cartilage autografts 
obtained from the cranial zone 
of the femoral trochlea with or 
without microfracture 
perforation technique
6 and 26 weeks

Hopper et al. 
[115]

24 skeletally 
mature female 
Welsh Mountain 
sheep, 3–5 year of 
age (6 animals per 
group)

Full-thickness 
osteochondral 6 mm Ø × 
8 mm deep defects in the 
medial femoral condyle 
of the stifle joint

Biphasic collagen- 
glycosaminoglycan scaffold 
(ChondroMimetic®) with MSCs 
(1 × 106 cells) alone, MSCs + 
human peripheral blood 
mononuclear cells (2.0 × 105 
cells) (ration 20:1), MSCs + 
human peripheral blood 
mononuclear cells (ratio 2:1) 
and human peripheral blood 
mononuclear cells alone
26 weeks

(continued)
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Table 20.1 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Howard 
et al. [116]

40 skeletally 
mature female 
Welsh Mountain 
sheep, ±3.9 years 
of age, 40–42 kg (5 
animals per group)

Full-thickness chondral 
8 mm Ø defects in the 
medial femoral condyle 
(10 mm distal to the 
condyle groove junction 
and aligned with the 
medial crest of the 
trochlear groove) of the 
right stifle joint

Microfracture holes (1.5 mm Ø 
× 3 mm deep) alone, 
microfracture + intra-articular 
rhFGF-18 (30 μg once a week 
for 3 weeks at 4th, 5th and 6th 
post-operative week and 16th, 
17th and 18th post-operative 
week) or microfracture + 
rhFGF-18 (0.064, 0.64, 6.4 or 
32 mg/total dose) delivered on a 
bilayer collagen membrane
13 and 26 weeks

Mohan et al. 
[117]

18 skeletally 
mature female 
Rambouillet × 
Columbia cross 
sheep, >3.5 years 
of age

Osteochondral 6 mm 
Ø × 6 mm in depth 
defects in both the medial 
femoral condyles and 
lateral femoral condyles 
of the right stifle joints

To compare between 
microfracture and an 
osteochondral approach with 
microsphere-based gradient 
plugs of PLGA-based scaffolds 
with opposing gradients of 
chondroitin sulphate and 
β-TCP – Chondrogenic 
microspheres (PLGA-CS- 
NaHCO3; 77.5:20:2.5) and 
osteogenic microspheres 
(PLGA-β-TCP; 90:10) 
infiltrated with TGF-β3 or 
IGF-1
12 months

Zorzi et al. 
[118]

15 Dorper sheep, 
3–5 years of age, 
58.02 ± 11.38 kg

Partial-thickness 
chondral 10 mm Ø defect 
in the medial femoral 
condyle of both stifle 
joints (avoiding any 
bleeding of the base of 
the lesion)

Chitosan and type I collagen 1:1 
(w/w) scaffold seeded with 
human ASCs (1 × 106 cells), 
scaffold without cells fixed with 
1 ml of fibrin glue (Tissucol®) 
or untreated lesions as control
6 months

Caminal 
et al. [119]

8 healthy ewes 
Ripollesa-Lacona 
breed sheep, 
3 years of age

Cylindrical osteochondral 
3.5 mm Ø × 5 mm in 
depth defects in the 
caudal aspect of the 
medial and lateral 
femoral condyles of both 
stifle joints

Biocompatible porous PLGA 
scaffolds non-seeded and seeded 
with fresh ex vivo expanded 
autologous progenitor cells 
derived from different cell 
sources (cartilage, fat and bone 
marrow)
6 and 12 months

(continued)
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Table 20.1 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

De Barros 
et al. [120]

8 healthy Texel 
mix-breed sheep, 
18–36 months of 
age, ±30 kg

Circular chondral 3 mm 
Ø on the articular surface 
of the medial femoral 
trochlea of the stifle joint

Heterologous fibrin sealant 
developed from the venom of 
Crotalus durissus terrificus 
(thrombin-like compound 
derived from the venom of the 
snake cryoprecipitated in animal 
fibrinogen and a calcium 
chloride solution)
7 and 15 days

Hindle et al. 
[121]

Sheep Articular cartilage 
defects on the medial 
femoral condyle of the 
stifle joint

To develop an autologous large 
animal model for perivascular 
stem cell transplantation and to 
specifically determine if these 
implanted cells are retained in 
articular cartilage defects using 
a hydrogel as vehicle and 
collagen membranes
4 weeks

Kitamura 
et al. [122]

17 skeletally 
mature female 
Suffolk sheep, 
4–6 years of age, 
65–85 kg (5 
animals per group)

Osteochondral 6.0 mm 
defect in the femoral 
trochlea and the medial 
femoral condyle of both 
stifle joints

Poly-(2-acrylamido-2- 
methylpropanesulfonic acid)/
poly-(N,N′-dimethyl 
acrylamide) DN gel; cylindrical 
DN gel plug was implanted into 
the defect of the right joint so 
that a vacant space of the 
planned depths of 2.0 mm, 
3.0 mm and 4.0 mm was left 
(left joint with defect with the 
same depth as the right joint as 
control)
12 weeks

Mrosek et al. 
[123]

24 skeletally 
mature, castrated 
male sheep (8 
animals per group)

Osteochondral 8 mm Ø × 
13-mm-deep defect on 
the medial aspect of the 
medial femoral condyle 
in the main weight- 
bearing area of left stifle 
joint

Trabecular metal (porous 
tantalum biocomposites)
+ periosteal graft, trabecular 
metal alone or empty defect
16 weeks

Schagemann 
et al. [124]

12 female sheep, 
3–6 years of age, 
62–84 kg (6 
animals per group)

Osteochondral 6 mm 
width × 20 mm long × 
5 mm in depth defects on 
the weight-bearing area 
of the medial femoral 
condyles of the left stifle 
joint

To compare the regenerative 
capacity of two distinct bilayer 
implants, a novel biomimetic 
PCL implant or a combination 
(synthetic implant) of Chondro- 
Gide and Orthoss (biologic 
implant)
19 months

(continued)
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of autologous chondrogenic-induced bone marrow mesenchymal stem cells (MSCs) 
6 weeks after OA induction (5 mL standard culture medium FD at density of 2 mil-
lion cells/ml) and euthanasia of the animals 6 weeks after the treatment implemen-
tation. Ude et al. [128] developed a similar animal model with the intra-articular 
administration of a single dose of 2 × 107 autologous PKH26-labelled, chondro-
genically induced ASCs and bone marrow MSCs (5 mL injection), while control 
animals received 5 ml culture medium, also with animal euthanasia 6 weeks after 
injection. Song et al. [129] applied a concentrated of uncultured autologous bone 
marrow mononuclear cells or a single dose of ten million autologous bone MSCs 
suspended in phosphate-buffered saline delivered via direct intra-articular injection 
to the injured joint, in the 12th week after OA induction or vehicle alone in the con-
trol group allowing a period of 8 weeks after injection. In the study of Desando et al. 
[130], also an autologous bone marrow concentrate and bone marrow MSCs seeded 
onto hydroxyapatite (HA) (Hyaff®-11) and a 12 weeks period was allowed after the 
intra-articular injection. In 2012, Schinhan and co-authors [131] induced chondral 
7 mm or 14 mm diameter defects, created in the weight-bearing area of the medial 
femoral condyle of the stifle joint in sheep, to define the CSD of a chondral lesion 
to induce unicompartmental OA in a stable joint, assessed at the 6th and 12th post- 
operative week.

Taking into consideration the in vivo chondral/osteochondral tissue engineering 
studies performed in sheep with induction of surgical defects, it’s possible to con-
clude by the observation of Table 20.1 that in the first studies performed in this 
scientific field, xeno-, allo- and fresh autographs were applied alone for mosaic 
arthroplasty [69–71, 73, 75]. In 2003, Siebert and co-authors [72] associated one 
type of growth factor (GF) to an autologous osteochondral transplant, and in 2006 

Table 20.1 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Yucekul 
et al. [125]

13 merino sheep (3 
control and 5 
animals per group)

Osteochondral 8 mm Ø × 
10 mm in depth defects 
on the lateral femoral 
condyles of the right 
stifle joint

Three layered cylinder scaffold 
is composed of a nonwoven 
PGA (top layer), PLA mixed 
with a colourant (middle layer) 
and porous structure composed 
of a blend of PLA and PCL 
(bottom layer), coated with type 
I collagen and β-TCP, 
hyaluronic acid gel or defects 
left untreated
6 months

ASCs adipose stem cells, β-TCP beta-tricalcium phosphate, BMP bone morphogenetic protein, 
DBM demineralized bone matrix, ECM extracellular matrix, EGF epidermal growth factor, FGF 
fibroblastic growth factor, GH growth hormone, HA hydroxyapatite, IGF-I insulin-like growth 
factor-I, MRI magnetic resonance imaging, MSCs mesenchymal stem cells, OA osteoarthritis, PCL 
poly(epsilon-caprolactone), PGA polyglycolic acid, PLA polylactic acid, PLGA poly(D,L)lactide- 
co- glycolide acid, PRP platelet-rich plasma, PMMA polymethyl methacrylate, rh recombinant 
human, TGFβ transforming growth factor beta
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[83], this research team performed another study associating two different GFs, and 
Guo et al. [74] presented the first study involving cell therapy by using autologous 
bone marrow MSCs and chondrocytes seeded onto a scaffold also associated with 
an autogenous periosteal graft. Dorotka et al. [76] and Hoemann et al. [77] refer for 
the first time in sheep the use of the microfracture perforation technique associated 
with a scaffold and autologous cell therapy, being this technique also applied later 
in association with scaffolds [89], autologous plasma [94] and GFs [111]. In 2005, 
Russlies and co-authors [78] introduced the use of a collagen membrane cover after 
autologous chondrocyte transplantation. Frosch et al. [81] refer the use of titanium 
implants associated with cell therapy and Kandel et  al. [82] the use of an 
“osteochondral”-type plug biphasic cartilage-calcium polyphosphate construct. In 
2009, Schagemann and co-authors [87] applied a biopolymer hydrogel associated 
with cell therapy for osteochondral repair in sheep. Also in 2009, the studies of 
Streitparth et al. [88] and Wegener et al. [89] used poly(D,L)lactide-co-glycolide 
acid (PLGA) scaffold alone or associated with the microfracture perforation tech-
nique, respectively. Since 2010 until the present moment, numerous studies have 
been performed testing new tissue engineering approaches to repair osteochondral 
defects in sheep, using different scaffolds [type I/III collagen, nanocomposite scaf-
fold obtained by nucleating collagen fibrils, HA nanoparticles, hyaluronan matrix, 
β-tricalcium phosphate (β-TCP), collagen hydrogels, PLGA] colonized with autolo-
gous chondrocyte [74, 90–92, 96, 101, 102, 107, 112, 119]. Different cell sources 
have been tested alone or seeded onto different scaffolds – autologous bone marrow 
MSCs [74, 105, 108, 119], auto- or allogenic ASCs [118, 119], embryonic stemlike 
cells [110], allogenic peripheral blood mononuclear cells [115] or perivascular stem 
cells [121] and also platelet-rich plasma (PRP) that has been used in some studies 
[22, 93, 97]. More recently, bilayer scaffolds to better mimic the dual chondral and 
bone tissue components have been used [98, 103, 104, 115, 124], and even a third 
layer cylinder scaffold has been proposed for osteochondral tissue engineering 
[125]. Likewise, metal implants such as titanium [81], pure stainless steel [100], 
cobalt-chrome [109] and tantalum biocomposites [123] have been tested in sheep.

There are also some published studies in sheep concerning the potential occur-
rence of subchondral bone cyst formation and subchondral bone pathology after the 
implementation of microfracture perforation technique for repair of articular carti-
lage defects in stifle joints, namely, the study of Beck et al. [132] where this tech-
nique was associated with type I/III collagen scaffold with a post-operative period 
of 13 and 26 weeks for assessment and control of these complications and also the 
study of Vikingsson et al. [133] where biodegradable polycaprolactone (PCL) scaf-
fold with double porosity or PCL scaffold attached to a poly-L-lactide acid (PLA) 
pin anchored to the subchondral bone was used to reduce nodule formation and 
other tissue alterations after a 4.5 month post-operative period.
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20.2.2  Goat

Goat has housing and feeding requirements and also a social behaviour similar to sheep 
being a species relatively robust and easy to handle. In spite of this, goats are more 
aggressive and curious than sheep, and they tend to demonstrate dominance within their 
social group more than sheep. Herds are led by a dominant female and a dominant male. 
The skeletal maturity is similar to sheep and is achieved around 2–3 years of age [20].

The goat model is very frequently used for cartilage articular defect regeneration 
and repair research since the stifle joint has an anatomy similar to human. It allows 
the arthroscopic examination; it has a more thick cartilage than sheep and also lim-
ited capacity to heal without iatrogenic intervention like in humans [22, 134]. The 
thickness of the medial condyle cartilage in goat has been reported by Brehm et al. 
[134] ranging between 0.8 mm and 2 mm and by Frisbie et al. [46] with a mean 
value of 1.1 mm resulting in wide variations of the chondral and subchondral bone 
volume involved in different studies. Goat cartilage articular thickness tolerates the 
creation of chondral defects more easily, without affecting the osteochondral bone 
plate, similar to the majority of the clinical cartilage lesions present in human [20, 
41]. Also, the goat subchondral bone is softer than in sheep, which facilitates the 
creation of osteochondral bone defects [20]. Hence, caprine cartilage defects with 
150 mm2 could be created through 12 mm diameter defects (lower range of common 
human cartilage lesions), consequently closer to human clinical trials [20, 22].

The large majority of the cartilage defect studies in the goat are performed in the 
stifle joint, involving lateral or medial femoral condyles and/or femoral trochlea, 
generally with creation of osteochondral defects and a follow-up post-operative 
period that varies between 2 weeks and 1 year (Table 20.2). As in sheep, the type of 
defects commonly performed in goats is also the surgically created 4 mm to 15 mm 
in diameter chondral/osteochondral and impact injury, and its primary use is in piv-
otal studies for which post-operative management variables are not critical since 
protection of load bearing of the operated limbs and exercise protocols are almost 
impossible to perform in this animal model [22, 56]. The CSD for cartilage defects 
in goats is reported as being 6 mm, which does not heal after 6 months [162, 163]. 
Also Simon and Aberman [164] described two untreated lesion models useful for 
testing articular cartilage repair strategies during 1 year, one 6 mm deep (through 
the subchondral plate) and one shallow (to the level of the subchondral bone plate) 
in the middle one-third of the medial femoral condyle of the stifle joint.

Similar to sheep, the goat model has also been used to study cell therapy treat-
ment after induced OA by meniscectomy associated or not with ACL resection. 
Namely, in the study of Murphy et al. [165], a single dose of ten million of bone 
marrow MSCs suspended in a dilute solution of sodium hyaluronan was delivered 
to the injured stifle joint by direct intra-articular injection in the 6th week after OA 
induction and a 6- and 20-week post-operative period before result evaluation. In 
another recent study, a single intra-articular dose of 7 × 106 human ACSs in the 9th 
week after the meniscectomy associated with daily injections of cyclosporin A 
(10 mg/kg for 7 days followed by a reduced dose of 5 mg/kg for another 7 days) was 
applied and evaluated 8 weeks after injection of human ASCs [166].
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Table 20.2 Cartilage and osteochondral tissue engineering studies performed in caprine model 
for cartilage repair

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Shahgaldi 
et al. [135]

19 mature goats 
(4 to 6 animals 
per group)

5.0 mm Ø × 4–6 mm long 
holes in the femoral 
condyle, patella of left 
stifle joint and right stifle 
joint intact as controls

Glutaraldehyde-fixed bovine 
meniscal xenograft, glutaraldehyde- 
fixed bovine costal cartilage 
xenograft and viable osteochondral 
allografts
12 months

Butnariu- 
Ephrat et al. 
[136]

Goats Round 4.0 mm Ø hole in 
the femoral condyle of the 
stifle joint

Autogenic and allogeneic bone 
marrow MSCs implantation

Jackson 
et al. [137]

24 mature 
female Spanish 
goats (6 
animals per 
group)

Medial tibial plateau
Wedged defect

Fresh articular cartilage allografts
3, 17, 26 and 52 weeks

Van 
Susante 
et al. [138]

32 skeletally 
mature Dutch 
milk goats 
(Capra hircus 
sana), 6 years 
of age, 
48.8–79.3 kg

Full-thickness 10 mm Ø × 
4 mm deep cartilage 
defect in the weight- 
bearing area of the medial 
femoral condyle of the 
stifle joints

Xenografted with isolated rabbit 
chondrocytes + fibrin glue
3, 8, 13, 26 and 52 weeks

Louwerse 
et al. [139]

17 skeletal 
mature female 
Dutch milk 
goats, 2 years 
of age, ±50 kg

Full-thickness subchondral 
defect ˂0.9 cm Ø in the 
anterior weight-bearing 
part of the medial condyle

rhBMP-7 combined with collagen 
(400 μg/mL, with small particles of 
autologous ear perichondrium) or 
not (200 μg/mL BMP-7 peptide)
1, 2 and 4 months

Niederauer 
et al. [140]

16 Spanish 
goats

Osteochondral 3 mm Ø × 
4 mm in depth defects 
bilaterally in the medial 
femoral condyle (high 
weight bearing) and the 
distal medial portion of 
the patellar groove (low 
weight bearing)

PLGA scaffolds + 45S5 bioglass® 
and medical grade calcium sulphate 
as additives to vary stiffness and 
chemical properties
16 weeks

Lane et al. 
[141]

8 adult goats Osteochondral defects in 
the weight-bearing portion 
of the medial femoral 
condyle of the stifle joint

Autogenous plugs transferred from 
the femoral trochlea to defects in 
the weight-bearing portion of the 
medial femoral condyle
6 months

(continued)
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Table 20.2 (continued)

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Quintavalla 
et al. [142]

Female Nubian 
cross goats, 
>2 years of age

Cylindrical full-thickness 
osteochondral 4.5 mm 
Ø × 4.0 mm deep defects 
on the proximal 1/3 of the 
medial facet trochlear 
groove, bordering the axial 
groove, and on the anterior 
1/3 of the central medial 
condyle

Bone marrow MSCs + gelatin 
constructs
1, 2, 7 and 14 days

Welch et al. 
[143]

23 skeletally 
mature Spanish 
cross-bred 
goats, 35–42 kg 
(3 to 5 animals 
per group)

Cartilage 12 mm Ø × 
15 mm in depth 
subchondral defects 
bilaterally in the medial 
femoral condyles of the 
stifle joint

Bioresorbable HA (BoneSource®), 
PMMA (PMMA simplex®) or 
autogenous bone graft
24 h, 6 weeks, 6 months, 1 and 
2 years

Dell’Accio 
et al. [144]

6 female 
Saanen goats

Cartilage 6 mm Ø × 
0.8 mm deep joint surface 
defect in the lateral 
femoral condyle 
(preserving the 
mineralized cartilage and 
subchondral bone)

Autologous chondrocyte 
implantation + periosteal flap
3, 10 and 14 weeks

Lane et al. 
[145]

8 adult goats Full-thickness articular 
cartilage defects in the 
weight-bearing portion of 
the medial femoral 
condyle of the stifle joint

Autologous osteochondral plugs 
from the femoral trochlea
6 months

Vasara et al. 
[146]

14 goats (7 
males, 7 
females), 
2–4 years of 
age (4 to 5 
animals per 
group)

Circular cartilage 6 mm Ø 
defects in the upper part of 
the medial femoral 
condyle of the stifle joint

Autologous chondrocyte 
transplantation with chondrocytes 
implanted under a periosteal flap or 
a bioabsorbable film and mesh 
scaffold (copolymer of PLA and 
PCL combined with a mesh of 
poly-L/D-lactide 96/4)
3 and 6 months

Brehm 
et al. [134]

9 female 
Saanen goats, 
3 years of age, 
60 kg (2 to 3 
animals per 
group)

Superficial osteochondral 
6 mm Ø × 0.8 mm in 
depth defects in the 
trochlea femoral of the left 
stifle joint

Autologous chondrocytes, 
scaffold-free – Semipermeable 
membranes, engineered cartilage 
constructs secured in the defect 
using a covering periosteal flap 
alone or in combination with 
adhesives – PRP or fibrin glue 
(Tissucol®) or using PRP alone
8 weeks

(continued)
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Table 20.2 (continued)

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Kirker-head 
et al. [147]

6 healthy 
castrated male 
Nubian goats, 
3 years of age, 
55–73 kg

28 mm long bone channel 
and introduction of 
HemiCAP™ seated 
subchondrally with its 
head positioned 5 mm 
below the osteochondral 
junction

20 mm long recessed cannulated 
titanium alloy anchoring screw and 
a co-Cr alloy resurfacing prosthesis 
(HemiCAP™)
26 and 52 weeks

Hunziker 
and Stähli 
[148]

16 adult Saanen 
goats

One purely chondral 
5 mm width × 10 mm long 
(in the sagittal plane) 
defect within the lateral 
facet of the femoral 
patellar groove in the stifle 
joint

Bovine fibrinogen to support a 
devitalized flap of autologous 
synovial tissue, sutured to the 
surrounding articular cartilage with 
single, interrupted stitches
2–3 h and 3 weeks

Lind and 
Larsen 
[149]

8 adult goats Full-thickness 
osteochondral 6 mm Ø 
defects in the femoral 
condyles of the stifle joint 
(2 defects animal)

Collagen membrane scaffold + 
autologous chondrocytes or minced 
cartilage placed under collagen 
membrane scaffold
4 months

Lind et al. 
[150]

20 adult goats Full-thickness circular 
osteochondral 6 mm Ø 
defects in the medial 
femoral condyles of the 
stifle joint (2 defects 
per animal)

Autologous chondrocytes + fibrin 
hydrogel or autologous 
chondrocytes + MPEG-PLGA 
scaffold + fibrin hydrogel
4 months

Custers 
et al. [151]

9 Dutch milk 
goats

Cartilage defects in the 
medial femoral condyle in 
both stifle joints

Microfracture or placement of an 
oxidized zirconium implant 
treatment 10 weeks after 
osteochondral defect creation
26 weeks

Lane et al. 
[152]

8 adult goats Full-thickness 8 mm Ø 
chondral defect in the 
medial femoral condyle of 
stifle joint

Osteochondral autograft plug 
transfers 4.5 mm Ø × 10–12 mm 
long (mosaic arthroplasty obtained 
from the lateral aspect of the 
femoral trochlea) + perforations 
treatment
6 months

Miot et al. 
[153]

27 adult female 
Saanen goats, 
>18 months age 
(10 and 17 
animals per 
group)

Osteochondral 6 mm Ø × 
5 mm deep defects in each 
of the three biopsy sites 
prior to performing the 
autologous grafting 
– proximomedial, distal 
and lateral locations of the 
trochlea groove in the left 
stifle joint

Autologous chondrocytes cultured 
in hyaluronic acid scaffolds and 
implanted above HA/hyaluronic 
acid sponges
8 weeks and 8 months

(continued)
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Table 20.2 (continued)

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Bekkers 
et al. [154]

9 adult Dutch 
milk goats, 
3–5 years of 
age, 75 ± 10 kg

Full-thickness chondral 
5 mm cylindrical defects 
in the central weight- 
bearing region of both 
medial femoral condyles

Chondrocytes + bone marrow 
mononuclear fraction cells 
embedded in fibrin glue 
(Beriplast®, Nycomed) or 
microfracture treatment (4 holes 
through the subchondral bone with 
a 1.5 mm K-wire)
6 months

Kon et al. 
[155]

14 skeletally 
mature Saanen 
goats, 
55 ± 11 kg

Osteochondral 6 mm Ø × 
8 mm in depth defects in 
the weight-bearing area of 
the medial and lateral 
femoral condyles of stifle 
joint

Biphasic osteochondral coralline 
aragonite scaffolds with different 
modifications
6 months

Pei et al. 
[156]

12 goats (4 
animals per 
group)

Osteochondral 6 mm Ø × 
12 mm in depth defect 
created in the femoral 
medial condyle weight- 
bearing areas of both stifle 
joints

Tissue-engineered osteochondral 
graft obtained in a double-chamber 
stirring bioreactor to construct bone 
and cartilage composites 
simultaneously of autologous bone 
marrow MSCs-β-TCP scaffold with 
or without mechanical stimulation 
of stir and untreated defect as 
control
12 and 24 weeks

Geraghty 
et al. [157]

9 skeletally 
mature female 
Spanish goats, 
2–4 years of 
age (3 and 6 
animals per 
group)

Cartilage 6 mm Ø defects 
created in the medial 
femoral condyle of the 
right anterior stifle joint (2 
defects/joint)

Marrow stimulation alone or 
treatment with marrow stimulation 
augmented with cryopreserved, 
viable osteochondral allograft 
which retains viable chondrocytes, 
chondrogenic growth factors and 
ECM proteins within the intact 
architecture of native hyaline 
cartilage
3 and 12 months

Kon et al. 
[158]

20 skeletally 
mature female 
Saanen goats, 
>2 years of age, 
48 ± 6 kg (6 
and 14 animals 
per group)

Osteochondral 6 mm Ø × 
10 mm in depth defects 
created in the load-bearing 
medial femoral condyle of 
the right stifle joint

Aragonite-hyaluronate biphasic 
scaffold implant or untreated blood 
clot-filled defects as control
6 and 12 months

Mumme 
et al. [159]

Goats Chondral 6 mm Ø defects 
in the stifle joint

Autologous nasal chondrocytes and 
articular chondrocytes (control) 
seeded on a type I/III collagen 
membrane
3 and 6 months

(continued)
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The majority of the first in vivo chondral/osteochondral tissue engineering stud-
ies performed in goat with induction of surgical defects (Table 20.2) used xeno-, 
allo- and fresh autographs for mosaic arthroplasty [135, 137, 138, 141, 145] or 
associated with microfracture perforation technique [152]. After this phase, autolo-
gous chondrocytes started to be applied covered by periosteal flaps [144] and also 
associated with bioabsorbable membranes and/or seeded in scaffolds [134, 146, 
149, 153, 159]. Bone marrow MSCs were used alone, associated with gelatin con-
structs or seeded in β-TCP scaffolds [136, 142, 156]. Growth factors were also 
applied associated with collagen [139] and recently to fibrin-rich gel with aggre-
gated platelets as a covering defect membrane [161]. Osteoconductive scaffolds 
alone were also used [140, 143] and biphasic scaffolds to simulate the chondral and 
the bone tissue components [155, 158]. In a recent study of Sun et al. [160], gene 
therapy was used by the application of human TGF-β1 gene-transduced autologous 
bone marrow MSCs, in sodium alginate and CaCl2 to form calcium alginate gels, 
associated with mosaic arthroplasty. Kangarlu and Gahunia [167] evaluated the 
capability of MRI (1.5 T and 8 T) to visualize, characterize and qualitatively com-
pare osteochondral defect repair in the stifle joint of goats in the 8th and 16th post- 

Table 20.2 (continued)

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Sun et al. 
[160]

18 masculine 
goats, ±22.5 kg

Cylindrical 9 mm Ø × 
3 mm in depth defects 
created in the weight- 
bearing area of the medial 
femoral condyle in both 
stifle joints

Different proportion of human 
TGF-β1 gene-transduced 
autologous bone marrow MSCs in 
sodium alginate (density of 
5 × 107cells mL−1) and 102 mmol/L 
CaCl2 to form calcium alginate gels 
+ mosaic arthroplasty (2 to 4 
cylindrical osteochondral 5.5 mm Ø 
× 3 mm Ø grafts obtained from the 
medial femoral condyle periphery 
of the patellofemoral joint)
24 weeks

Wang et al. 
[161]

6 healthy adult 
goats (1 goat, 
sham control 
group; 5 goats, 
experimental 
group)

Defects were created 
bilaterally on the condylar 
cartilage and bone to 
induce temporomandibular 
joint osteoarthritis 
accordingly to the method 
of Ishimaru and Goss 
[303]

Middle fibrin-rich gel with 
aggregated platelets and 
concentrated growth factor applied 
as a membrane covering the right 
condylar surface and sutured to the 
joint capsule (physiologic saline 
was applied to the left joints as 
control)
1 month

ASCs adipose stem cells, β-TCP beta-tricalcium phosphate, BMP bone morphogenetic protein, 
DBM demineralized bone matrix, ECM extracellular matrix, EGF epidermal growth factor, FGF 
fibroblastic growth factor, GH growth hormone, HA hydroxyapatite, IGF-I insulin-like growth 
factor-I, MRI magnetic resonance imaging, MSCs mesenchymal stem cells, OA osteoarthritis, PCL 
poly(epsilon-caprolactone), PGA, polyglycolic acid, PLA polylactic acid, PLGA poly(D,L)lactide- 
co- glycolide acid, PRP platelet-rich plasma, PMMA polymethyl methacrylate, rh recombinant 
human, TGFβ transforming growth factor beta
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operative weeks. Also, Watanabe et  al. [168] used delayed gadolinium-enhanced 
MRI of cartilage and T2 mapping to evaluate the quality of osteochondral repair 
tissue after microfracture treatment in the 24th and 48th post-operative weeks.

20.2.3  Pig

The pig is more rarely used as an animal model in articular cartilage repair and 
regeneration studies due to its large size and high weight, handling difficulties and 
particular housing and facility requirements [20]. Due to these facts, mini-pig breeds 
(Göttingen and Yucatan mini-pig, Lee-Sung miniature pig) are usually preferred, 
being more docile, with an adult weight generally equivalent to the adult human, but 
also expensive to acquire and to maintain [22]. Pigs are curious, cautiously friendly 
and social animals that under free-ranging conditions live in social groups but when 
in confinement or stress demonstrate behavioural problems like aggression towards 
other pigs or tail biting [169]. The skeletal maturity of pigs is generally reached 
around 18 months of age [170], but the US Food and Drug Administration admits the 
age of 42–52 weeks for skeletal maturity in mini-pigs, although mini-pigs, such as 
the Göttingen breed, reach skeletal maturity between 18 and 22 months of age [22]. 
This breed demonstrates similarities to humans in physiological and serum biochem-
ical parameters [171], peripheral bone apposition rate and trabecular thickness [22], 
and the collagen fibre arrangement in chondral tissue is close to those in humans 
[172]. The swine species also allows arthroscopic examination [173, 174] yet not 
very suitable to studies that require weight-bearing and exercise protection [22].

There are other advantages in using pig model for partial- or full-thickness chon-
dral defect [175] or osteochondral defect [171] studies, since their cartilage thick-
ness is larger than in other common animal models with approximately the same 
size and weight [20], and skeletally mature pigs also have intrinsic limited capacity 
for repair of chondral and osteochondral lesions [22]. Hembry et al. [176] report a 
cartilage thickness of 2.0 mm, and Chiang et al. [177] and Frisbie et al. [46] report 
a value of 1.5 mm at the medial femoral condyle level. Archibald et al. [68] reported 
an average articular cartilage thickness in the stifle joint of 3.2 mm. In spite of this 
large cartilage thickness in pigs relatively to other common animal models (sheep 
and goat), the total volume of cartilage defects has been smaller, despite generally 
including a large percentage of chondral tissue, and consequently closer to that of 
human clinical lesion [20]. Shimomura et al. [178], considering cartilage thickness, 
affirm that the pig is the species that closer mimics the human joint and thus should 
be used to evaluate implantation of tissue-engineered constructs.

The large majority of the cartilage defect studies in the mini-pig are performed 
in the stifle joint, involving only the medial or both femoral condyles, or in the 
femoral trochlea, with creation of chondral or osteochondral defects, with 6 mm to 
8 mm of diameter or larger dimensions [171] and with a follow-up post-operative 
period which varies between 2 weeks and 1 year (Table 20.3). The CSD reported for 
cartilage defects in adult pigs is of 6 mm [185]. Gotterbarm et al. [171] showed that 
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Table 20.3 Cartilage and osteochondral tissue engineering studies performed in porcine model 
for cartilage repair

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Hunziker 
and 
Rosenberg 
[179]

Yucatan adult 
mini-pigs

Partial-thickness defects 
evolving in mature articular 
cartilage

Chondroitinase ABC or trypsin, 
fibrin clots and mitogenic 
growth factors (bFGF, TGF-β1, 
EGF, IGF-1 or GH)
1 to 48 weeks

Mainil- 
Varlet et al. 
[180]

22 skeletally 
mature Yucatan 
mini-pigs, 
26–60 kg (8 
animals per 
group)

Chondral 4.0 mm Ø, 
superficial osteochondral and 
full-thickness defects in the 
stifle joint cartilage

Tissue-engineered cartilage-like 
implant, derived from 
chondrocytes cultured in a novel 
patented, scaffold-free 
bioreactor system
4 and 24 weeks

Gal et al. 
[181]

10 piglets, 
3 months of age

4 train drilled through the 
distal femoral physis in the 
area of lateral condyle
Identical control defect in the 
medial condyle

Autogenous chondrocytes graft
10 weeks

Liu et al. 
[182]

Mini-pigs Large full-thickness articular 
cartilage defects of stifle 
joints

Isolated autologous 
chondrocytes + PGA + Pluronic
24 weeks

Chiang 
et al. [177]

12 Lee-Sung 
mini-pigs (5 
males, 7 
females), 
4 ± 1 months of 
age, 11 ± 3 kg

Chondral full-thickness 
7 mm Ø defects in lateral 
and femoral condyles of both 
stifle joints

Autologous chondrocyte 
transplantation + periosteal 
patch
6 months

Jung et al. 
[183]

18 adult 
Göttingen 
mini-pigs, 
±30 months of 
age, ±38 kg

Osteochondral 6.3 mm Ø × 
10 mm in depth defects in 
the medial patellar groove of 
both stifle joints

Transferring periosteum – Bone 
cylinders (obtained from the 
medial aspect of tibia) + growth 
factor mixture (BMP-2, 3, 4, 6, 
7, 12 and 13, TGF-β3 and 
acid-FGF-I)
6, 12 and 52 weeks

Chang et al. 
[184]

15 sexually 
mature 
Lee-Sung 
miniature pigs 
(8 male and 7 
female)

Full-thickness 8 mm Ø × 
2 mm deep articular defect 
and 5 mm deep 
osteochondral defect in the 
medial or lateral femoral 
condyles

Allogenous chondrocytes and 
gelatin-chondroitin-hyaluronan 
tri-copolymer scaffold covered 
with periosteum
18 and 36 weeks

Harman 
et al. [185]

18 pigs (6 
animals per 
group)

Osteochondral defect created 
in the weight-bearing region 
of the medial femoral 
condyle
Control in the contralateral 
medial femoral condyle

Osteochondral autografts
6 weeks, 3, 6 and 12 months

(continued)
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Table 20.3 (continued)

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Vasara et al. 
[175]

57 skeletally 
immature pigs, 
90–100 kg, 
8–9 months of 
age (6 to 14 
animals per 
group)

Full-thickness 6 mm Ø 
chondral defect in the upper 
part of the lateral facet of the 
patellar groove of the femur

Autologous chondrocyte 
transplantation covered with 
periosteum or muscle fascia
3 and 12 months

Ando et al. 
[186]

9 female pigs, 
4 months of age

Chondral 8.5 mm Ø × 
2.0 mm in depth defects on 
the medial femoral condyles 
of the both stifle joints

Porcine synovial tissue MSCs in 
6 cm Ø culture dishes (21.3 cm2) 
for 7 days and prepared as an 
allograft without any 
chondrogenic stimulation
6 months

Filová et al. 
[187]

9 miniature pigs Two defects located in the 
non-weight-bearing zone of 
the femoral trochlea of the 
stifle joint

Novel scaffold containing 
sodium hyaluronate, type I 
collagen and fibrin + autologous 
chondrocyte
12 weeks and 6 months

Jiang et al. 
[188]

10 Lee-Sung 
mini-pigs (4 
male, 6 female), 
6–7 months of 
age

Circular osteochondral 8 mm 
Ø × 8 mm in depth defects at 
the weight-bearing surface of 
the two femoral condyles of 
the right stifle joint

Autologous chondrocytes 
implantation at low cell seeding 
density on a biphasic scaffold 
cylindrical porous plug of 
DL-PLGA, with its lower body 
impregnated with β-TCP as the 
osseous phase
6 months

Baumbach 
et al. [189]

12 adult 
Göttingen 
mini-pigs (3 
males, 9 
females), ±30 kg

Osteochondral 4.5 mm Ø × 
8 mm in depth defects in the 
medial femoral condyles of 
both knees

Autologous osteochondral 
transplantation (press-fit 
placement of osteochondral 
grafts 4.6 mm Ø × 10 mm in 
depth harvested from the patellar 
groove)
2, 8, 26 and 52 weeks

Gotterbarm 
et al. [171]

90 Göttingen 
mini-pigs (62 
male, 28 
female), 
±24 months of 
age, ±38 kg

Circular full-thickness 46 
chondral defects (6.3 mm Ø) 
and 134 osteochondral 
defects (5.4 mm or 6.3 mm 
Ø × 8 mm or 10 mm deep) in 
the medial facet of the 
trochlear groove of the stifle 
joints during various 
experiments

To evaluate the healing of 
osteochondral or full-thickness 
cartilage defects with different 
treatment options
12 months

(continued)
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Table 20.3 (continued)

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Petersen 
et al. [190]

8 Göttingen 
mini-pigs, 
±27 months of 
age, ±40 kg

Osteochondral full-thickness 
4.5 mm Ø × 
3.0 ± 0.5 mm deep defects in 
the weight-bearing zone of 
both medial femoral 
condyles of the stifle joints

Autologous chondrocytes + 
calcium phosphate cylinders 
carriers (Calcibon®)
26 and 52 weeks

Blanke 
et al. [191]

5 female adult 
mini-pigs, 
18 months of 
age, 35–40 kg

Round chondral 5 mm Ø 
defects in the central part of 
the femoral trochlea of stifle 
joint; lesions were clearly 
separated from each other by 
at least 3 mm of intact 
cartilage; subchondral bone 
plate provisionally intact

Microfracturing perforation + 
collagen membrane or treated by 
matrix-associated autologous 
chondrocyte transplantation (in 
control lesions, the subchondral 
bone plate was left intact – 
Partial-thickness lesion)
12 weeks

Jung et al. 
[192]

8 mature female 
Göttingen 
mini-pigs, 
±19 months of 
age, ±32.5 kg

Chondral 5.4 mm Ø defects 
in both medial patellar 
trochlear groove of the stifle 
joints without penetrating the 
subchondral bone plate

Autologous bone marrow MSCs 
+ covered with sutured collagen 
type I/III membrane 
(Chondro-Gide®)
8 weeks

Li et al. 
[193]

4 Lee-Sung 
mini-pigs (2 
male, 2 female), 
10 months of 
age, 21–23 kg

Circular full-thickness 
chondral 7 mm Ø defects in 
the centre of distal weight- 
bearing surface of each 
femoral condyle of both 
stifle joints

Biodegradable PCL nanofibrous 
scaffold + allogeneic 
chondrocytes or xenogenic 
human MSCs or acellular PCL 
scaffolds
6 months

Steck et al. 
[194]

Mini-pigs Full-thickness cartilage 
defects in stifle joints

Collagen type I/III membrane + 
transplantation of expanded 
autologous MSCs
1, 3 and 8 weeks

Ho et al. 
[195]

Pigs Critically sized 
osteochondral defects 
located at the medial condyle 
and patellar groove of the 
stifle joints

Dual-phase construct of PCL 
cartilage scaffold and a 
PCL-TCP osseous matrix + 
autologous MSCs
6 months

Schneider 
et al. [196]

18 male adult 
Göttingen 
mini-pigs, 
±3 years, ±36 kg 
(6 animals per 
group)

Full-thickness chondral 
6.3 mm Ø defects in the left 
stifle joint (3 defects/joint)

Cell-free collagen gel, a 
collagen gel seeded with 
2 × 105/ml chondrocytes or left 
untreated
6, 12 and 52 weeks

Ebihara 
et al. [197]

12 mini-pigs, 
7–8 months of 
age, 21.3–25 kg

Full-thickness chondral 
6 mm Ø × 5 mm deep in the 
area of the host animal’s 
medial femoral condyle in 
the left and right (control) 
stifle joints

Layered chondrocyte sheets 
prepared on a temperature- 
responsive culture dish
3 weeks

(continued)
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Table 20.3 (continued)

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Nakamura 
et al. [198]

15 Mexican 
hairless pigs (9 
male, 6 female), 
13 months of 
age, ±33.5 kg

Full-thickness osteochondral 
8 mm Ø × 2 mm deep 
defects (approximately 
1.5 mm cartilaginous and 
0.5 mm bony part) created in 
the weight-bearing area of 
the medial femoral condyles 
in both stifle joints, 10 mm 
below the terminal ridge; left 
stifle joint served as a vehicle 
internal control

Transplantation of allogeneic 
synovial MSCs injected into the 
defect
3 months

Betsch et al. 
[199]

14 adult female 
Göttingen 
mini-pigs, 
18–30 months 
of age, 25–35 kg

Full-thickness osteochondral 
10 mm Ø × 6 mm in depth 
defects created in both 
medial femoral condyles in 
stifle joints

Biphasic scaffold alone 
(TRUFIT BGS, Smith & 
Nephew, USA), scaffold + PRP, 
scaffold + bone marrow 
aspiration concentrate and 
scaffold in combination with 
bone marrow aspiration 
concentrate and PRP or scaffold 
alone (control)
26 weeks

Filová et al. 
[200]

8 female 
miniature pigs, 
7 month of age, 
29 ± 10.5 kg

Circular osteochondral 8 mm 
Ø defect into the load- 
bearing part of the right 
femoral condyle of the stifle 
joint; 2 defects in the left 
stifle joints were created as 
controls

Cell-free hyaluronate/type I 
collagen/fibrin composite 
scaffold containing polyvinyl 
alcohol nanofibres enriched with 
liposomes, basic FGF and 
insulin
12 weeks

Moriguchi 
et al. [201]

6 skeletally 
mature female 
miniature pigs

Full-thickness cylindrical 
4 mm Ø defect created 
bilaterally in the medial 
meniscus in stifle joints

Scaffold-free tissue-engineered 
construct derived from 
allogeneic porcine synovial 
MSCs cultured in monolayers at 
high density in the presence of 
ascorbic acid followed by the 
suspension culture to develop a 
3D cell/matrix construct
6 months

Jagodzinski 
et al. [202]

10 miniature 
pigs

Full-thickness osteochondral 
7 mm Ø × 10 mm in depth 
defects created in the 
femoral condyles of the stifle 
joints (2 defects per animal)

Grafted cylinder upside down or 
with a combined scaffold 
containing a spongious bone 
cylinder (Tutobone®) covered 
with a collagen membrane 
(Chondro-Gide®), another 
group with the same scaffolds 
but seeded with a stem cell 
concentrate and empty defects 
(control)
3 months

(continued)
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Table 20.3 (continued)

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Wang et al. 
[203]

12 adult 
Diannan 
small-ear pigs, 
8 months of age, 
±12 kg

Full-thickness cartilage 
7 mm Ø × 3–4 mm in depth 
created in the central 
weight-bearing surface of the 
femur condyles of the stifle 
joints (two defects in each 
joint)

Combination of DBM and bone 
marrow MSCs infected with 
adenovirus-mediated BMP-2 
and adenovirus-mediated 
TGF-β3
1, 2 and 3 months

Ha et al. 
[204]

6 healthy male 
mini-pigs, 
40–45 kg, 
±1.5 years of 
age

Full-thickness chondral 
injury created in the 
trochlear groove of each 
stifle joint; 3 weeks later, an 
osteochondral 5 mm Ø × 
10 mm deep defect was 
created followed by an 8 mm 
Ø × 5 mm deep reaming

Mixture (1.5 ml) of human 
umbilical cord blood-derived 
MSCs (0.5 × 107 cells/ml), and 
4% HA hydrogel composite was 
transplanted into the defect on 
the right knee; left stifle joint 
was untreated to act as the 
control
12 weeks

Matsuo 
et al. [205]

12 skeletally 
mature 
miniature pigs, 
33–50 kg

Full-thickness osteochondral 
7 mm Ø × 10 mm in depth 
defects created in the 
femoral groove of both stifle 
joints (4 defects per joint)

To identify the optimal material 
and implantation method for 
subchondral bone repair: β-TCP 
with 75% and 67% porosity and 
HA with 75% porosity 
implanted at 0, 2 or 4 mm below 
the subchondral bone plate
3 months

Peck et al. 
[206]

Skeletally 
mature 
mini-pigs

Full-thickness 6 mm Ø 
created on the femoral 
condyles of stifle joints

Autologous synthetic scaffold- 
free construct with hyaline 
quality of defects left untreated
2 and 6 months

Sosio et al. 
[207]

6 pigs Osteochondral defects 
created in the trochlea in the 
stifle joint (6 defects/animal)

Novel interconnecting 
collagen-HA substitute (to 
mimic the biological tissue 
between the chondral and the 
osseous phase) + chondrocytes, 
unseeded scaffold or defects left 
untreated
3 months

Ding et al. 
[208]

Pig model Autotransplantation to 
subcutaneous pockets after 
8 weeks of in vitro cartilage 
construction of bone marrow 
MSCs, auricular 
chondrocytes or both and 
PGA/PLA scaffold control 
groups

Bone marrow MSCs, auricular 
chondrocytes or both and PGA/
PLA scaffold alone
2, 4 and 8 weeks

(continued)
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chondral and osteochondral defects with 6.3 mm in diameter did not heal in the 
Göttingen mini-pig, confirming the suitability of this swine breed for articular car-
tilage research studies.

In pig, the in vivo chondral/osteochondral tissue engineering studies with induc-
tion of surgical defects resorted to auto- or allogenic chondrocytes associated with 

Table 20.3 (continued)

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Fisher et al. 
[209]

8 male Yucatan 
mini-pigs, 
6 months of age, 
±25–35 kg

Full-thickness trochlear 
groove chondral 4 mm Ø 
defects without macroscopic 
removal of the subchondral 
bone (4 defects/joint)

Acellular HA hydrogel and HA 
hydrogels containing allogeneic 
MSCs, TGF-β3 or both
2 and 6 weeks

Muhonen 
et al. [210]

20 female 
domestic pigs 
(Sus scrofa 
domesticus), 
4 months of age

Circular full-thickness 
chondral 8 mm Ø defect 
created in the right medial 
femoral condyle of the stifle 
joint

After 3 weeks, the defects were 
repaired with rh type II 
collagen-PLA scaffold or 
commercial porcine type I/III 
collagen membrane + 
autologous chondrocytes, or the 
defects were only debrided and 
left untreated
4 months

Zuo et al. 
[211]

18 miniature 
pigs, 
7–8 months of 
age, 20–25 kg

Full-thickness 6 mm Ø 
defect created in the 
weight-bearing area of each 
medial femoral condyle in 
both stifle joints (9 defects/
group)

Defects were initially repaired 
by autologous osteochondral 
mosaic arthroplasty, and the 
empty spaces between the 
multiple plugs were filled with 
cell-free PLGA scaffolds, 
tissue-engineered cartilage or 
bone marrow mononuclear 
cell-PLGA composites, and 
empty spaces were left untreated 
as control
6 months

Lin et al. 
[212]

28 mini-type 
pigs, 3 months 
of age, 
15 ± 2.5 kg, 
gender not 
considered

Full-thickness 10 mm Ø × 
3 mm in depth chondral 
defects on the load-bearing 
region of both left and right 
lateral femoral condyles

Porous chitosan scaffold + 
chondrocytes (control group); 
avidinised porous chitosan 
scaffold + biotinylated 
chondrocytes; avidinised porous 
chitosan scaffold + chondrocytes 
treated with biotin-conjugated 
anti-CD44; autologous cartilage 
plug
12 and 24 weeks

ASCs adipose stem cells, β-TCP beta-tricalcium phosphate, BMP bone morphogenetic protein, 
DBM demineralized bone matrix, ECM extracellular matrix, EGF epidermal growth factor, FGF 
fibroblastic growth factor, GH growth hormone, HA hydroxyapatite, IGF-I insulin-like growth 
factor-I, MRI magnetic resonance imaging, MSCs mesenchymal stem cells, OA osteoarthritis, PCL 
poly(epsilon-caprolactone), PGA polyglycolic acid, PLA polylactic acid, PLGA poly(D,L)lactide- 
co- glycolide acid, PRP platelet-rich plasma, PMMA polymethyl methacrylate, rh recombinant 
human, TGFβ transforming growth factor beta
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a periosteal flap [175, 177], collagen gel or membrane [191, 196, 197, 210] or an 
osteoconductive scaffold [180, 182, 184, 187, 190, 193, 212] (Table 20.3). Porcine 
synovial tissue allogenic MSCs were also used in various studies either alone [186, 
198] or seeded into a scaffold [201]. Other types of cells were also used – auto- or 
allogenic bone marrow MSCs [194, 203, 208, 209], xenogenic umbilical cord 
blood-derived MSCs [204] and bone marrow mononuclear cells [211] alone or 
associated with different types of scaffolds. Biphasic scaffolds to mimic the chon-
dral and bone tissue under the articular cartilage are also reported associated with 
GFs [171], autologous chondrocytes [188, 207], PRP and/or aspirated bone mar-
row [199].

Duda et  al. [213] described, in Yucatan female mini-pigs, the influence of 
mechanical conditions on delay or complete failure of cartilage healing on osteo-
chondral defects on the lateral surface of the trochlear groove of the stifle joint at the 
4th, 6th and 12th post-operative week.

20.2.4  Dog

The dog is considered worldwide as a very friendly and loved companion and 
domestic animal. The social and ethical issues related to the use of dog as an animal 
model for preclinical and translational studies are one of the main reasons why this 
usage is limited. Dogs are docile and cooperative animals, and their joint anatomy 
and body weight allow arthroscopy examination [20, 22], and, like humans, they 
have significant difficult-to-heal cartilage lesions [22]. Dogs also manifest cartilage- 
related pathologies such as osteochondritis dissecans and osteoarthritis [214, 215]. 
The skeletal maturity in dogs is reached between 12 and 24 months of age [67].

The articular cartilage thickness at the medial femoral condyle has been reported 
to be 0.95 mm [46] and 1.3 mm [65, 67]. Archibald et al. [68] also reported an aver-
age articular cartilage thickness in the stifle joint of 0.7 mm for dogs. Similar to the 
pig, the cartilage thickness in dogs allows the creation of full-thickness chondral 
defects, involving only the chondral tissue. Nevertheless, the majority of the studies 
in dogs report to osteochondral defects [20], and the mean volume of the cartilage 
defects is generally inferior to the human lesions [20, 43, 44].

The large majority of cartilage defect studies in the dog model are performed in 
the stifle joint, involving only the medial or both femoral condyles, or in the femoral 
trochlea, generally with the creation of osteochondral defects and with a follow-up 
post-operative period that varies between 2 weeks and 18 months (Table 20.4). The 
typical defects generally studied in dogs are the surgically created 3 mm to 12 mm 
in diameter chondral/osteochondral defects in the stifle joint, shoulder, elbow or 
coxofemoral joints, osteochondrosis lesions of the femoral condyle or medial 
humeral condyle, grades 3 and 4 lesions of the femoral condyle or medial humeral 
condyle [59], or OA femoral condylar lesions occurring secondary to impact injury 
or meniscal release and elbow dysplasia [61–64]. Its primary use is in pivotal stud-
ies for post-operative assessments and management that closely mimic human con-
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Table 20.4 Cartilage and osteochondral tissue engineering studies performed in canine model for 
cartilage repair

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Campbell 
et al. [216]

42 adult 
mongrel dogs

Condyle osteotomy at the 
distal femur level
Osteotomy at the distal radius 
level

Autogenous and homogenous 
transplants of large articular 
fragments and half joints with a 
thin adjoining osseous border
5 to 500 days

Engkvist 
[217]

13 dogs Completely chondral 
excision of patella

Free autologous rib 
perichondrial grafts
2 to 17 months

Stevenson 
et al. [218]

22 Beagle dogs 
(5 to 6 animals 
per group)

Osteotomy at the distal radius 
level

Orthotopically implanted 
canine leukocyte antigen- 
matched and mismatched 
proximal osteochondral 
allografts of the radius, fresh 
and cryopreserved
11 months

Klompmaker 
et al. [219]

Dogs Full-thickness round or oval 
defect performed in the distal 
femur level

Different porous and chemical 
polymer composition implants

Oates et al. 
[220]

14 adult 
mongrel dogs

Standardized defect on the 
weight-bearing surface of the 
medial femoral condyles

Autograft, a fresh allograft or a 
stored allograft at 4°C in tissue 
culture medium for 14 days 
prior to implantation
12 weeks

Shortkroff 
et al. [214]

6 adult mongrel 
dogs, ±30 kg

Round or oval chondral and 
osteochondral defects of 
2 mm and 3 mm Ø in the 
weight-bearing, articulating 
portions of the medial and 
lateral femoral condyles

Cultured autologous 
chondrocytes with periosteal 
covering fixed with fibrin glue
2 and 4 weeks

Breinan et al. 
[221]

14 adult dogs Round or oval holes on the 
trochlear groove of the distal 
part of the femur

Autologous chondrocyte 
implantation + periosteal flap
12 and 18 months

Nehrer et al. 
[222]

21 mixed-breed 
adult dogs, 
2–4 years of 
age, ±30 kg

Chondral 4 mm Ø defect, 
1 cm and 2 cm proximal from 
the intercondylar notch, on 
the median and lateral aspect 
of the trochlea groove of the 
left stifle joint

Cultured autologous articular 
chondrocytes seeded in type I 
and II collagen GAG matrices 
+ fascia lata flap
15 weeks

Van Dyk 
et al. [223]

20 adult 
mongrel dogs 
(4 animals per 
group)

Cylindrical osteochondral 
10 mm Ø × 10 mm deep 
defect in the femoral trochlea

Autogenous cancellous bone 
grafts
2, 4, 8, 12 and 24 weeks

(continued)
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Table 20.4 (continued)

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Breinan et al. 
[224]

12 adult 
mongrel dogs, 
1.5–3 years of 
age, ±25 kg (4 
animals per 
group)

Chondral 4 mm Ø defects 
were to the depth of the 
tidemark in the trochlear 
groove in each stifle joint (2 
defects/joint)

Microfracture perforation alone 
or associated with a type II 
collagen matrix placed in the 
defect and type II matrix 
seeded with cultured 
autologous chondrocytes
15 weeks

Breinan et al. 
[225]

34 adult 
mongrel dogs, 
±30 kg

Chondral 4 mm Ø defects in 
the canine trochlear groove 
(1.25 cm and 3.25 cm 
proximal to the intercondylar 
notch, each slightly lateral or 
medial to the midline)

Autologous chondrocyte 
implantation + periosteal flap
1.5, 3 and 6 months

Cook et al. 
[226]

65 adult dogs Osteochondral 5 mm Ø × 
9 mm deep bilateral defects 
in the medial femoral 
condyles

Osteogenic protein-1 (BMP- 
7) + bovine bone-derived type I 
collagen device
6, 12, 16, 20 and 52 weeks

Feczkó et al. 
[227]

50 German 
shepherd breed 
dogs

Mosaicplasty osteochondral 
cylinder defect (3.5 mm, 
4.5 mm and 6.5 mm) in 
trochlear groove of bilateral 
stifle joint

“Donor site plugs” made from 
HA (4.5 mm), carbon fibre rods 
(3.5 mm), polyglyconate-B (4.5 
and 6.5 mm), compressed 
collagen and 2 PCL versions
Between 8 and 30 weeks

Lee et al. 
[228]

6 skeletally 
mature 
outbreed hound 
dogs, 1–3 years 
of age, ±25 kg

Chondral 4 mm Ø defects in 
the canine trochlear groove 
(1.25 mm and 3.25 cm 
proximal to the intercondylar 
notch, each slightly lateral or 
medial to the midline) of the 
right stifle joint

Autologous articular 
chondrocyte-seeded type II 
collagen scaffold
15 weeks

Chen et al. 
[229]

1 Beagle dog, 
1 year old

Osteochondral defects 
4.5 mm Ø were drilled in the 
femoral condyles into the 
subchondral bone

Biphasic scaffold composed of 
stratified collagen/PLGA- 
collagen sponge seeded with 
autologous bone marrow MSCs
4 months

Glenn et al. 
[230]

18 adult dogs Bilateral creation of an 
outerbridge grade 4 cartilage 
defect on the stifle joints

Bilateral osteochondral graft 
implantation to compare fresh 
osteochondral autografts and 
allografts
3 and 6 months

Yamazoe 
et al. [231]

9 beagle dogs, 
1–3 years of 
age, 
8.3–10.5 kg

Full-thickness 5 mm Ø × 
4.5 mm in depth cylindrical 
defects on both weight- 
bearing areas of the femoral 
condyles in stifle joint

To study the effects of 
atelocollagen gel containing 
bone marrow MSCs on repair 
of osteochondral defect

(continued)
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Table 20.4 (continued)

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Choi et al. 
[232]

Beagle dogs Osteochondral defects 
created in the trochlear 
groove of stifle joint

Implantation of canine ASCs or 
umbilical cord blood-derived 
MSCs
13 weeks

Sagliyan 
et al. [233]

10 mature dogs, 
different 
breeds, weights 
and sexes (5 
animals per 
group)

Osteochondral 8 mm Ø × 
10 mm in depth defects 
created in the femoral 
trochlear groove in both stifle 
joints

Autologous cancellous grafts 
obtained from the metaphyseal 
region of the tibia + intra- 
articular hyaluronic acid (2 mg/
kg, twice administered, 
immediately post-operatively 
and 1 month afterwards) 
(contralateral joint as control)
3 and 6 months

Ng et al. 
[234]

Adult mongrel 
dogs, 2–4 years 
of age, 
22.7–27.2 kg

Full-thickness chondral 
4.0 mm Ø (completely 
through subchondral bone 
plate) defects created in the 
Centre of the femoral 
trochlear groove of the stifle 
joint

Allogeneic adult canine 
chondrocytes encapsulated in 
agarose and cultured in 
serum-free media with TGF-β3 
by 28 days
12 weeks

Mokbel et al. 
[235]

16 domestic 
mongrel dogs, 
males, 
2–3 years of 
age, 15–20 kg

Partial-thickness chondral 
3 mm Ø × 1 mm in depth 
defects created weight- 
bearing area of the lateral 
femoral condyle of the stifle 
joint without damaging the 
subchondral bone

Intra-articular injection of bone 
marrow MSCs and its 
involvement in the healing 
process of experimentally 
induced, acute and chronic, 
partial chondral defects
2 and 8 weeks

Sun et al. 
[236]

Dogs Osteochondral defects using 
mosaic arthroplasty

Chondrocyte-β-TCP scaffold 
composites on top of the defect 
and osteoblast-β-TCP scaffold 
composites below the defect 
(chondrocyte and osteoblast 
composites were cocultured 
using a bioreactor)

Igarashi et al. 
[237]

12 adult female 
beagle dogs, 
±20 kg

Two osteochondral 5 mm Ø × 
5 mm in depth defects in the 
patella groove of each the 
stifle joint

Acellular novel material based 
on purified sodium alginate 
(sea matrix®) implantation 
with or without bone marrow 
MSCs
16 weeks

(continued)
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Table 20.4 (continued)

Authors Population
Type of defect and 
localization

Material tested and follow-up 
period

Zhang et al. 
[238]

16 mature dogs, 
11.2–14.5 kg

Full-thickness chondral 
7 mm Ø defect in the 
weight-bearing area of the 
medial femoral condyle + 
screw hole on the Centre of 
the defect with 2.5 mm Ø × 
17 mm in depth for insertion 
of the screw and spherical 
cap connection

Cartilage resurfacing defects 
with two kinds of titanium 
alloy plug with different elastic 
modulus: Titanium 2448 plug 
and titanium-6 aluminium-4 
vanadium plug on 
osteointegration
12 weeks

Kasemi et al. 
[239]

12 adult 
mixed-breed 
dogs

Full-thickness osteochondral 
6 mm Ø × 5 mm in depth 
defects created in the 
weight-bearing area of 
femoral condyles of both 
stifle joints

Autologous platelet-rich fibrin 
in one joint (contralateral limb 
as control)
4, 16 and 24 weeks

Lv and Lu 
[240]

10 hybrid dogs, 
12 months of 
age, both sexes, 
12–15 kg

Osteochondral 6 mm Ø × 
4 mm in depth defects 
created in the subchondral 
bone at the femoral trochlea 
of the right stifle joint

HA nanoparticles/collagen I/
copolymer of PLA- 
hydroxyacetic acid (bony 
scaffold) and sodium 
hyaluronate/PLGA 
(cartilaginous scaffold) + bone 
marrow MSCs
12 and 24 weeks

Cook et al. 
[241]

16 adult female 
dogs

Osteochondral 8 mm Ø 
defects created in the lateral 
and medial femoral condyles 
of one stifle joint

Osteochondral allograft 
preserved for 28 or 60 days 
after procurement, and 
chondrocyte viability was 
quantified before implantation
6 months

McCarty 
et al. [242]

8 adult mongrel 
dogs

Bilateral hindlimb 
osteochondral graft 
implantation in the stifle joint 
after creation of an acute 
outerbridge grade 4 cartilage 
defect

Osteochondral autograft and 
fresh osteochondral allograft
12 months

Kasemi et al. 
[243]

12 adult 
mixed-breed 
dogs, 18–40 kg

Osteochondral 6 mm Ø × 
5 mm in depth defects created 
on the weight-bearing area of 
the medial femoral condyles 
of the stifle joint (two defects 
per dog, one on each limb)

Autologous bone marrow 
MSCs seeded on autologous 
platelet-rich fibrin or left empty
4, 16 and 24 weeks

ASCs adipose stem cells, β-TCP beta-tricalcium phosphate, BMP bone morphogenetic protein, 
DBM demineralized bone matrix, ECM extracellular matrix, EGF epidermal growth factor, FGF 
fibroblastic growth factor, GH growth hormone, HA hydroxyapatite, IGF-I insulin-like growth 
factor-I, MRI magnetic resonance imaging, MSCs mesenchymal stem cells, OA osteoarthritis, PCL 
poly(epsilon-caprolactone), PGA polyglycolic acid, PLA polylactic acid, PLGA poly(D,L)lactide- 
co- glycolide acid, PRP platelet-rich plasma, PMMA polymethyl methacrylate, rh recombinant 
human, TGFβ transforming growth factor beta
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ditions since dogs allow implementation of specific post-operative exercise and 
rehabilitation protocols [22, 56]. The CSD for cartilage defects in dogs is reported 
to be of 4 mm [56].

Calandruccio and Gilmer [244] performed full-thickness and superficial round or 
oval defects at the weight-bearing surface of femur condyles and in the patellar 
ridge of immature dogs that were evaluated at 2, 4 and 6 weeks to study prolifera-
tion, regeneration and repair of articular cartilage. Hale et al. [245] induced full- 
thickness round or oval osteochondral defects in adult dogs of 1, 3 or 5  mm in 
diameter bilaterally in femoral condyles of stifle joint assessed 10  months after 
lesion induction for indentation assessment of biphasic mechanical property deficits 
in size-dependent osteochondral defect repair.

In dog model, the first in vivo chondral/osteochondral tissue engineering studies 
with induction of surgical defects report the use of auto- and allogenic osteochon-
dral grafts for their repair [216–218, 220] (Table 20.4). Also, autogenous cancellous 
bone grafts have been used [223, 233], and recently other studies report again the 
use of osteochondral autograft or preserved or fresh allografts [230, 241, 242]. 
Klompmaker et al. [219] applied for the first time an osteoconductive scaffold for 
repair of an osteochondral defect and with Shortkroff et al. [214] cultured autolo-
gous chondrocytes covered by a periosteal flap fixed by fibrin glue. Autologous 
chondrocyte implantation covered by periosteal flaps has also been used by many 
other research teams [221, 225] or seeded in collagen matrices [222, 224, 228]. 
Biphasic scaffolds that mimic the chondral tissue and the underlying bone tissue 
with autologous bone marrow MSCs [229, 240] or just composed by a β-TCP scaf-
fold seeded with chondrocytes on top of the defect and with osteoblasts below the 
osteochondral defect [236] were also performed. Finally, and more recently, autolo-
gous platelet-rich fibrin, a second-generation platelet-derived product, has also been 
applied alone [239] or seeded with autologous bone marrow MSCs [243].

20.2.5  Horse

The horse is the largest of animal models recommended for articular cartilage repair 
and regeneration studies with a mean weight of 400 kg to 500 kg [20, 22]. Horses 
are very well appreciated as a companion animal, and therefore its utilization as an 
animal model for scientific research studies implies social and ethical concerns 
[20]. Proper housing, anaesthetic and surgical facilities and specialized veterinary 
staff and equipment are needed for feasibility of this large animal model. As horses 
are robust and long life expectancy animals, they are suitable models to assess 
resurfacing technologies in chronic lesions and for post-operative evaluation of car-
tilage repair under very specific and demanding weight-bearing and weight-loading 
conditions [20]. Like humans, horses manifest cartilage disorders such as osteo-
chondritis dissecans, several types of cartilage injuries and osteoarthritis, with 
established techniques described in the scientific literature for their treatment that 
frequently involve arthroscopic techniques for primary intervention and 
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second- look or longitudinal observation for post-operative evaluation [22]. Similar 
to humans, the horse also demonstrates low intrinsic capacity for repair of articular 
cartilage lesions like humans [246, 247]. In 1972, Convery and co-authors [246] 
studied in Shetland ponies the relationship between the full-thickness osteochon-
dral defect of graduated diameter – up to 21 mm Ø, in the weight-bearing areas of 
femoral condyles  – and the completeness of repair, the effect of defects on the 
opposing articular surface and in the joint as a functional unit. Skeletal maturity in 
horses is generally achieved around 26 months of age (between 26 and 32 months 
for the closure of the distal radial physis) [248–251]. Archibald et al. [68] reported 
an average articular cartilage thickness in the stifle joint in the horse of 3.2 mm, and 
Frisbie et al. [46] refer a thickness of 1.75 mm to 2 mm at the medial femoral con-
dyle level, very similar to the thickness of the human species. This cartilage thick-
ness allows the realization of partial- or full-thickness cartilage defects with the 
creation of defects with similar size and volume to those of human lesions. It also 
allows to create chondral defects alone with a volume of 350  mm2 without the 
involvement of the osteochondral bone [20]. However, the living weight of these 
specimens and the immediate post-operative load bearing of the surgically operated 
limb are very challenging and do not properly simulate the human post-operative 
conditions. These aspects should be taken into careful consideration when choosing 
the anatomical area to perform the cartilage defect [20, 22]. The large majority of 
the cartilage defect studies in horse models involve the lateral femoral trochlea at 
the stifle joint, since the patellofemoral compartment is relatively unloaded during 
housing confinement and controlled walking [20, 22]. The lateral condyle of the 
metacarpophalangeal joint and the middle carpal bones are also utilized [20], gener-
ally with the creation of osteochondral defects, but also in the ankle joints; the fol-
low-up post- operative period varies between 3 weeks and 2 years (Table 20.5). The 
type of defects generally studied in horses is surgically created 6 mm to 20 mm in 
diameter chondral/osteochondral, chip fracture or osteochondrosis, and its primary 
use is for pivotal studies using surgically created or spontaneous defects with both 
cartilage thickness and morphology and also biomechanic assessment that closely 
mimic the human species [56]. The CSD for cartilage defects in horses is reported 
to be 9 m [56, 67], although most of the studies conducted report cartilage defects 
with larger dimensions relatively to established CSD for the species, ranging from 
8 mm to 15 mm in diameter [20] (Table 20.5).

Overall, the horse is considered an important animal model for preclinical and 
translational studies for the development and evaluation of new cartilage treat-
ments before human clinical trials due to its joint size, chondral tissue morphology 
and thickness and fully extended upright stifle joint during gait which makes this 
animal model easier to translate to human when compared to other large animal 
models used for chondral/osteochondral tissue engineering [22, 285]. Another 
advantage in using horse as a large animal model for cartilage defect repair research 
studies relates to the high incidence of articular cartilage lesions in high-perfor-
mance equines that, consequently, need well-developed cartilage repair techniques 
[286–288].
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Table 20.5 Cartilage and osteochondral tissue engineering studies performed in equine model for 
cartilage repair

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Shamis et al. 
[252]

13 horses (6 and 7 
animals per group)

Partial-thickness 1 cm 
defect, round defect in the 
3rd carpal bone

In one joint, 1 mm Ø × 
1 cm deep holes were drilled 
within the defect, and one 
joint was used as a control
1 and 3 weeks

Vachon et al. 
[253]

10 horses, 2–3 years 
of age

Defects 1.0 × 1.0 cm2 were 
induced bilaterally on the 
distal articular surface of 
each radial carpal bone

Periosteal autografts harvested 
from the proximal portion of 
the tibia + fibrin adhesive
16 weeks

Vachon et al. 
[254]

10 horses, 2–3 years 
of age

Circular osteochondral 
1 cm Ø × 4 mm deep 
defects on both radial 
carpal bones

Sternal cartilage autografts 
fixed by biodegradable pins 
(contralateral carpi were not 
grafted in the radial carpal 
bone)
16 weeks

Hendrickson 
et al. [255]

8 horses (4 animals 
per group)

Circular full-thickness 
12 mm defect on the 
lateral trochlea of both 
stifle joints

Chondrocyte implantation in a 
fibrin vehicle or empty defect 
(control)
4 and 8 months

Howard 
et al. [256]

10 horses, 2–3 years 
of age

Circular 10 mm Ø × 
3 mm deep bilateral defect 
in the radial carpal bone

Sternal cartilage autograft or 
defects left untreated (control)
12 months

Sams and 
Nixon [257]

12 horses (6 animals 
per group)

Circular full-thickness 
15 mm defect in both stifle 
joint

Chondrocyte-collagen 
composites or defects left 
untreated (control)
4 and 8 months

Frisbie et al. 
[258]

10 horses, 2–5 years 
of age (5 animals 
per group)

Full-thickness chondral 
1 cm2 defect created in 
both radial carpal bones 
and both medial femoral 
condyles in stifle joint

Microfracture perforation 
subchondral of the bone plate 
under the defect in one carpus 
and one femoral condyle
4 and 12 months

Nixon et al. 
[259]

6 young mature 
horses, 2–6 years of 
age

Full-thickness cartilage 
15 mm lesions bilaterally 
in the lateral trochlear 
ridge of the femur at stifle 
joint

Autogenous fibrin + rhIGF-I 
(25 μg)
6 months

Fortier et al. 
[260]

8 adult horses, 
3–5 years of age

Cartilage 15 mm Ø × 
3 mm deep to the level of 
subchondral bone, single 
cartilage defect in the 
mid-lateral trochlear ridge 
of each femur at stifle joint

Composites of chondrocytes 
and polymerized fibrin 
supplemented with IGF-I
8 months

(continued)
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Table 20.5 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Hidaka et al. 
[261]

10 horses (5 males, 
5 females), 
1–6 years of age

Cartilage 15 mm Ø defects 
in the lateral trochlear 
ridge (not in the 
subchondral plate) of each 
femur in stifle joint

Genetically modified 
chondrocytes infected with 
adenovirus vector encoding 
BMP-7 or as control, an 
adenovirus vector encoding an 
irrelevant gene (Escherichia 
coli cytosine deaminase)
4 weeks and 8 months

Litzke et al. 
[262]

8 skeletally mature 
horses, both sexes, 
9 ± 6 years of age, 
±400 kg

Full-thickness cartilage 
10 mm Ø defect in the 
minor load-bearing area on 
lateral talus of tibiotarsal 
joints

Autologous chondrocyte 
transplantation injected 
beneath the periosteum in one 
joint (contralateral joint as 
control)
2 years

Strauss et al. 
[263]

Horses Full-thickness cartilage 
defect

Genetically modified 
chondrocytes expressing 
IGF-I or unmodified, control 
chondrocytes to evaluate 
articular cartilage adjacent to 
chondral defect repair
8 months

Barnewitz 
et al. [264]

8 healthy Haflinger 
horses, both sexes, 
2 years of age, 
±400 kg

Full-thickness cartilage 
8 mm Ø defects in the 
tubular bone condyle of 
the fetlock joint

Autologous cartilage tissue 
engineering transplants based 
on resorbable polyglactin/
polydioxanone scaffolds
6 and 12 months

Gratz et al. 
[265]

8 adult horses, 
3–5 years of age

Test samples were 
obtained from the previous 
study of Fortier et al. [260]

To develop a quantitative 
biomechanical method to 
assess the tensile modulus of 
repair tissue and its 
integration in vivo, as well as 
determine whether 
supplementation of 
transplanted chondrocytes 
with IGF-I affected these 
mechanical properties

Goodrich 
et al. [266]

16 adult female 
horses, 2–6 years of 
age (4 to 8 animals 
per group)

Single chondral 15 mm Ø 
defect in each 
femoropatellar joint

Arthroscopically grafted 
chondrocytes genetically 
modified by an adenovirus 
vector encoding equine IGF-I
4 and 9 weeks and 8 months

(continued)
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Table 20.5 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Morisset 
et al. [267]

12 horses Full-thickness chondral 
defects created in carpus 
and stifle joints

Microfracture associated with 
injection of gene therapy 
treatment to supply adenoviral 
vectors carrying the 
interleukin-1 receptor 
antagonist protein (IL-1ra) 
and IGF-1 equine genes
16 weeks

Wilke et al. 
[268]

6 young mature 
horses

Circular full-thickness 
15 mm cartilage lesions on 
the lateral trochlear ridge 
of the femur (no more than 
1 mm of the subchondral 
bone plate was removed)

Injection of a self- 
polymerizing autogenous 
fibrin vehicle containing 
MSCs (previously aspirated 
from horse sternums)
30 days and 8 months

Frisbie et al. 
[269]

15 horses, 3 years of 
age

Two chondral 15 mm Ø 
defects on the medial 
trochlear ridge of the 
femur in the opposite stifle 
joint (relatively to the 
autologous cartilage 
harvested arthroscopically)

Autologous chondrocytes 
cultured expanded and seeded 
on a collagen membrane – 
Porcine small intestine 
submucosa or collagen 
membrane alone
4, 8, 12 and 18 months

Frisbie et al. 
[270]

10 skeletally mature 
horses

Clinically relevant 15 mm 
Ø defect within equine 
femoral trochlea in stifle 
joint

One-step surgical procedure 
using autologous cartilage 
fragments on a polydioxanone 
scaffold, compared with a 
two-step autologous 
chondrocyte implantation 
technique as well as with 
empty defects and defects 
with polydioxanone foam 
scaffolds alone
4, 8 and 12 months

Fortier et al. 
[271]

12 horses Extensive full-thickness 
15 mm Ø cartilage defects 
created on the lateral 
trochlear ridge of the 
femur

Autologous bone marrow 
aspirate concentrate + 
microfracture or with 
microfracture alone
3 and 8 months

(continued)
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Table 20.5 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Kon et al. 
[272]

2 standard-bred 
trotter horses, 
6–7 years of age, 
410 and 430 kg

Chondral 10 mm Ø defects 
(lateral condyle) with 
superficial debridement of 
the subchondral bone and 
deep osteochondral 10 mm 
Ø × 8–10 mm in depth 
defects (medial condyle) 
made in the distal 
epiphysis of the weight- 
bearing area of the 3rd 
metacarpal bone of both 
forelimbs

3D biomimetic scaffold 
(fin-Ceramica Faenza S.p.A., 
Faenza-Italy) obtained by 
nucleating collagen fibrils 
with HA nanoparticles, in two 
configurations, bi- and 
tri-layered, to reproduce, 
respectively, chondral and 
osteochondral anatomy
6 months

McIlwraith 
et al. [273]

10 horses, 
2.5–5 years of age

Cartilage 1 cm2 defects 
arthroscopically created on 
both medial femoral 
condyles of the stifle joint 
debrided to subchondral 
bone

Intra-articular injection of 
bone marrow MSCs to 
augment healing with 
microfracture compared with 
microfracture alone + 
strenuous treadmill exercise 
simulating race training until 
completion of the study
6 and 12 months

Nixon et al. 
[274]

16 horses (8 animals 
per group)

Paired partial (calcified 
cartilage intact) or 
full-thickness (penetrating 
to but not into the 
subchondral bone plate) 
cartilage defects 15 mm Ø 
in the patellofemoral joint

Autologous chondrocyte 
implantation or periosteal flap 
alone
8 weeks

Seo et al. 
[275]

6 healthy 
thoroughbred 
female horses, 
5.0 ± 3.4 years of 
age, 433.2 ± 92.3 kg

Full-thickness 
osteochondral 4.5 mm Ø × 
10 mm in depth defect 
created on the lateral 
trochlear ridge of the talus

Bilayer gelatin/β-TCP 
sponges loaded with bone 
marrow MSCs, chondrocytes, 
BMP-2 and PRP
0, 1, 2, 3 and 4 months

Miller et al. 
[276]

16 skeletally mature 
horses, 2–5 years of 
age

Defects 15 mm Ø created 
on the medial trochlear 
ridge and debrided down 
to the subchondral bone in 
stifle joint

Injectable self-assembling 
peptide associated or not to 
microfracture and empty 
defects as control
Every 4 weeks until 
12 months

Tsuzuki 
et al. [277]

6 thoroughbred 
horses, (2 males, 4 
females), 3.3–
2.4 years of age, 
429.5 ± 118.2 kg

Cartilage 4.5 mm Ø × 
3.0 mm in depth created in 
both 3rd carpal bones; a 
subchondral hole 2 mm Ø 
× 35 mm in depth was 
drilled in the Centre of this 
cartilage defect but not in 
the control group

PRP incorporated in gelatin 
hydrogel microsphere + 
subchondral drilling
16 weeks

(continued)
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Table 20.5 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Frisbie et al. 
[278]

12 skeletally mature 
horses, 2–6 years of 
age

Cartilage 15 mm Ø 
defects, extending down to 
the level of the 
subchondral bone plate, on 
the medial aspect of the 
trochlea at the distal aspect 
of each femur

Empty defect controls only 
with fibrin, autologous 
chondroprogenitor cells + 
fibrin and allogenic 
chondroprogenitor cells + 
fibrin associated with 
strenuous exercise throughout 
the 12-month study
12 months

Nixon et al. 
[279]

6 young mature 
horses, 2–6 years of 
age

Two full-thickness 
cartilage 15 mm Ø defects 
were formed in the lateral 
trochlear ridge of the 
femur in the 
patellofemoral joint of one 
randomly selected limb, 
without involving the 
subchondral bone plate

Autologous chondrocytes 
seeded on collagen I/III 
membrane (ACI-Maix™) and 
control defect remain empty
12 weeks and 6 months

Ortved et al. 
[280]

24 horses (8 animals 
per group)

Full-thickness chondral 
15 mm Ø defect created in 
the lateral trochlear ridge 
of femur in the stifle joint, 
involving the subchondral 
bone plate; contralateral 
joint used as control

Fibrin-containing autologous 
chondrocytes transduced with 
r adeno-associated virus 
5-IGF-I or r adeno-associated 
virus GFP (positive control) 
or naive, untransduced 
chondrocytes
8 weeks and 8 months

Seo et al. 
[281]

5 healthy 
thoroughbred horses 
(3 males, 2 
females), 
3.6 ± 2.3 years of 
age, 445.8 ± 71.1 kg

Osteochondral 10 mm Ø × 
5 mm in depth defects in 
the medial femoral 
condyle in one of the stifle 
joints; the other one was 
used as control

Synovial flap + fibrin glue and 
gelatin/β-TCP sponge loaded 
with MSCs, BMP-2 and PRP; 
in the control group, the 
synovial flap was not used
4 months

Fortier et al. 
[282]

5 horses Two 10 mm Ø full- 
thickness cartilage defects 
created in the trochlear 
ridge of both stifle joints: 
One proximal (high load) 
and another distal (low 
load)

Microfracture with allograft 
articular cartilage 
(BioCartilage) + PRP 
(microfracture alone as 
control)
13 months

Rocha junior 
et al. [283]

6 horses, 
7.2 ± 1,3 years of 
age, 342 ± 1.58 kg

Chondral 1 cm2 lesions in 
the lateral femoral trochlea 
in both stifle joints

Microperforation of the 
subchondral bone + four 
weekly injections of 
kartogenin (20 μM) (ringer 
lactate solution in the 
contralateral joint as control)
60 days

(continued)
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The horse has also been the focus of some in vitro studies, namely, the study of 
Vidal et al. [289], which intended to compare the chondrogenic potential of adult 
equine cryopreserved MSCs and ASCs used for pellet cultures in stromal medium 
or induced into chondrogenesis with transforming growth factor (TGF)-β3 and bone 
morphogenetic protein (BMP)-6 during 3, 7, 14 and 21 days. In the study of Henson 
et al. [290] after induction of full-thickness cartilage disks harvested from the 3rd 
metacarpal bone, the obtained chondral tissue was single impact loaded with 0.175 J 
at 0.7 m/s and cultured in DMEM with 1% (vol/vol) hyaluronic acid-chondroitin 
sulphate-N-acetyl glucosamine (HCNAG) or fibroblast growth factor (FGF)-2 
(50 ng/ml) to study the effect of a solution of HCNAG on the repair response of 
cartilage to single-impact load damage.

There are other interesting studies in the horse such as the work of Shoemaker 
et  al. [291] that performed intra-articular administration of methylprednisolone 
acetate (100 mg), once a week for four applications, to treat full-thickness 1 cm in 
diameter bilateral defects in the articular cartilage on the dorsal distal surface of the 
radial carpal bone evaluated at the 16th post-operative week. Furthermore, Todhunter 
et  al. [292] promoted mild to moderate post-operative exercise associated with 
intra-articular polysulphated glycosaminoglycan administration to stimulate the 
repair of rectangular induced osteochondral defects in a weight-bearing surface of 
the radial carpal bone evaluated at 17th post-operative week, and Bertone et  al. 
[293] compared the articular cartilage from horses with naturally developing osteo-
chondrosis, with normal articular cartilage and healing cartilage obtained from 
horses with experimentally induced osteochondral fractures in femur and tibia in 
stifle joint, 40 days post-surgery.

The first in vivo chondral/osteochondral tissue engineering studies in horse, with 
induction of surgical defects, reported the use of microfracture perforation tech-
nique [252, 258], periosteal autograft [253], sternal cartilage autograft alone [256] 
or fixed by biodegradable pins [254], chondrocyte implantation in a fibrin vehicle 

Table 20.5 (continued)

Authors Population
Type of defect and
localization

Material tested and follow-up 
period

Yamada 
et al. [284]

12 mestiços 
Crioulos bred 
horses, 2–5 years of 
age, neutered 
female and male, 
±350 kg (6 animals 
per group)

Chondral 15 mm Ø defect 
created on the medial 
femoral trochlea of stifle 
joint, involving the 
subchondral bone plate

Implantation of ASCs + PRP 
gel or defects left untreated
5 months

ASCs adipose stem cells, β-TCP beta-tricalcium phosphate, BMP bone morphogenetic protein, 
DBM demineralized bone matrix, ECM extracellular matrix, EGF epidermal growth factor, FGF 
fibroblastic growth factor, GH growth hormone, HA hydroxyapatite, IGF-I insulin-like growth 
factor-I, MRI magnetic resonance imaging, MSCs mesenchymal stem cells, OA osteoarthritis, PCL 
poly(epsilon-caprolactone), PGA polyglycolic acid, PLA polylactic acid, PLGA poly(D,L)lactide- 
co- glycolide acid, PRP platelet-rich plasma, PMMA polymethyl methacrylate, rh recombinant 
human, TGFβ transforming growth factor beta
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[255] or chondrocyte-collagen composites [257] (Table 20.5). In 1999, Nixon and 
co-authors [259] introduced recombinant human GFs for the treatment of full- 
thickness cartilage lesions in horse, followed by a series of studies involving gene 
therapy, more specifically, using genetically modified chondrocytes infected by 
adenovirus encoding different GFs [261, 263, 266, 267, 280]. Autologous chondro-
cyte transplantation alone [262, 274] or associated with GFs [260, 265] or collagen 
membrane [269, 279] has also been used, as well as other cell types like bone mar-
row MSCs and ASCs [273, 275, 281, 284]. Autologous bone marrow aspirate con-
centrate [271] and PRP have also been described as treatment options in the horse, 
generally associated with allograft, GFs, other cell types, hydrogels or microfrac-
ture perforation technique [271, 277, 281, 282, 284].

20.3  Concluding Remarks

Research studies using animal models for orthopaedic research should be designed 
and developed in accordance to the prevailing European Union legislation for the 
protection of animals used for scientific purposes – Directive 2010/63/EU [294] – 
and the Federation of European Laboratory Animal Science Associations (FELASA) 
guidelines [295–297] which follow the 3R’s recommendations of replacement, 
reduction and refinement of animal experimentation use. Also, animal maintenance 
and all experimental work should be reviewed and approved by the National Animal 
Use and Care Committee/National Institutes of Health of each country and by the 
specific ethical committees of the research institutes or medical centres. Accordingly, 
researchers are advised to minimize the use of animals through (i) replacement, e.g. 
with computational models and in vitro or ex vivo studies; (ii) reduction, e.g. with 
adequate study’s experimental design, pilot studies, ex vivo studies and the use of 
non-invasive or minimally invasive techniques of diagnosis, like ultrasonography, 
fluoroscopy, X-ray exams and fluorochromes and other advanced imaging tech-
niques such as computed tomography (CT) and MRI and arthroscopy for observa-
tion and/or obtaining biopsy samples, which allow the collection of data from the 
same individual specimen at different time points; and (iii) refinement in such a way 
that post-operative pain, suffer and distress inflicted to the animals are reduced to 
minimum levels [298–301]. Also the guidelines from the US Food and Drug 
Administration [60], the American Society for Testing and Materials and the 
International Cartilage Repair Society have to be followed for a correct choice of 
the animal model and the principal published literature in this scientific field 
[49–56].

By the observation of Tables 20.1, 20.2, 20.3, 20.4 and 20.5 concerning the 
research in repair of chondral and osteochondral tissues performed in large animal 
models in the last 25 years, it’s possible to verify that these studies focus on implan-
tation of autologous chondrocytes and a wide range of scaffolds and cell-scaffold 
tissue engineering constructs colonized with cells from different origins, of which 
some of them have already been translated to human clinical application and even, 
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more recently, to gene therapy [22]. These large animal models have the advantages 
to allow accurate clinical post-operative evaluations of the induced chondral/osteo-
chondral defects and their treatment, including lameness (pain), subjective function, 
arthroscopic, radiographic, CT, MRI, micro-CT techniques, histologic scores, histo-
morphometry and immunohistochemical analysis after euthanasia or biopsy sam-
ples obtainment by arthroscopic technique and biomechanical analysis, validating 
the results obtained with these approaches [56]. Depending on the particular treat-
ment under research, the joint size, anatomy and arthroscopic access usually favour 
the horse and the small ruminants – sheep and goat – for articular cartilage repair 
studies [54].
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