
2019

Acceptée sur proposition du jury

pour l’obtention du grade de Docteur ès Sciences

par

JENS ANTONS

Présentée le 22 janvier 2019

Thèse N° 9059

Tailoring the Mechanical Properties of Tissue Engineering 
Scaffolds made from Decellularized Cartilage

Prof. N. Stergiopulos, président du jury
Prof. D. Pioletti, Prof. L. A. Laurent-Applegate, directeurs de thèse
Prof. M. Zenobi-Wong, rapporteuse
Prof. Z. Cui, rapporteur
Prof. O. Naveiras, rapporteuse

à la Faculté des sciences et techniques de l’ingénieur
Laboratoire de biomécanique en orthopédie
Programme doctoral en biotechnologie et génie biologique 





To Anja,

The love of my life who inspires me every day

to be the best person I possibly can. . .





Acknowledgements

I would like to express my deep gratitude to my thesis advisor Prof. Dominique P. Pioletti and

my thesis co-supervisor Prof. Lee Ann Laurent-Applegate. Together, they have provided me

with a supportive environment, which paved the way towards my growth with immeasurable

optimism, guidance, useful critiques and mutual respect during the last four years. In this

environment, I did not only grow as a scientist, but also as a person and I will forever be

grateful to both of you for helping me to be the person I currently am. Moreover, I would

like to thank Prof. Nikolaos Stergiopulos, Prof. Olaia Naveiras, Prof. Marcy Zenobi-Wong

and Prof. Zhanfeng Cui for dedicating their precious time and expertise to review my work. I

would also like to thank all former and current members of the Laboratory of Biomechanical

Orthopedics (LBO) and the Unit of Regenerative Therapy (UTR) for the friendly and highly

supportive atmosphere in the lab, all the fun-filled lab ski days, coffee breaks and scientific

discussions. I would, especially, like to thank Sandra Jaccoud for helping and advising me

with countless experiments in the lab including: cell culture, histology, and for always being

around. Sandra was far more than a technicial assistant; she has also helped me greatly to im-

prove my French during my Ph.D. and introduced me to important Swiss traditions. Further,

I want to thank Dr. Nathalie Hirt-Burri for her enthusiasm, scientific input and some Spanish

practice. I am deeply grateful to Naser Nasrollazadeh and Peyman Karami for sharing their

profound knowledge of biomechanics and for their thorough scientific discussions. I would

like to offer my special thanks to Dr. Andreas Schmocker for his enthusiasm, appreciation

and for taking me to climbing sessions with his 30 year old rattling Vespa. Special thanks

also to Dr. Alexandre Terrier and Dr. Pierre-Etienne Bourban for their valuable feedback

during my PEX examinations, lab meetings and CartiMat reunions. Furthermore, I would

like to express my gratitude to Virginie Kokocinski for helping me with all administrative

work, train tickets, lab ski days and bringing me bulky bovine knees from the butcher for

my experiments. I would also like to thank Yasmine Boulanaache for her cheerfulness and

availability to discuss the most important things in life over a delicious coffee- a passion

Yasmine shares with me. Special thanks also to Claire Delabarde for introducing me to the

French words that really matter and Oriane Poupart for wonderful running sessions at the

shore of lake Geneva. Moreover, I would like to express my gratitude to Pierre-Arnaud



vi

Aeberhard, who sadly passed away in June 2018 at age 27. I will always remember his

captivating character and his impeccable dancing skills at the gala dinner at Termis Davos

in 2017. I would like to offer my special thanks to Dr. Matteo Marascio, who helped me to

work with supercritical carbon dioxide and who was always there as a friend with whom

I had a great time in his home town Domodossola (Italy), during game nights and Italian

evenings. I also learned a great deal about data visualization and useful software from Dr.

Valérie Malfroy Camine, who willingly shared her knowledge with me to help me develop as

a scientist and to discover my passion for beautiful figures- even though I have never been

an artist. I want to express my deepest and sincere appreciation to Dr. Ulrike Kettenberger,

who was always there as a critical advisor with strong analytical skills and as a dearest

friend. Ulrike and her family with Maxi, Vinci and Flori made my life in Switzerland the

most beautiful experience I could wish for. Furthermore, I would like to offer my special

thanks to all my students for their excellent work and contribution to my Ph.D. thesis: Lea

De Maddalena, Leila Cammoun, Quentin Vermeire, Kathlyn Minisini, El Mehdi Soukrati,

Céline Bartolini and Giulia Weissenberger . Moreover, I would like to thank the former

lab members: Antoine Derrawat, Caroline Fernandez, Dr. Tanja Hausherr, Dr. Philippe

Abdel-Sayed and Dr. Adeliya Latypova. During these four years I also had the honor to be

member and president of the EPFL-UNIL Toastmaster Club, which tremendously helped me

to improve my presentation skills in a friendly and supportive environment. I had the honor

to meet and learn from outstandingly-talented and motivated people. Especially I would like

to express the deepest appreciation to Dr. Ossama Khalaf, who helped me as a friend and

climbing partner, Vitalijs Zubkovs who made nice skiing trips with me and showed me his

beautiful home-country Latvia, Luca Bertagnolio who taught me a lot about public speaking

as my mentor and Carina Schey who has inspired me to grow further and to constantly push

my limits. I owe my deepest gratitude to my family, especially my parents Anna-Maria and

Engelbert Antons for believing in my future plans and for enduring my endless thrilling

adventures. Finally, and most importantly the present thesis would have been impossible

without the profound love and support from the most incredible person I have ever met in my

life: my girlfriend Anja Holzheu. With her immeasurable cheerfulness and profound love she

was always able to make me smile and feel comfortable even in the most difficult situations.

Lausanne, 08.11.2018



Abstract

Due to its limited regeneration capacity, articular cartilage defects are considered a frequent

clinical problem. Initial cartilage defects, if left untreated, will progress in severity over

time and can eventually lead to degenerative joint diseases such as osteoarthritis. Hence,

orthopedic surgeons would like to aim to treat cartilage defects early on to prevent further

damage. Healthy articular cartilage consists of hyaline cartilage which assures its proper

function. However, the major drawback of current treatments such as Autologous Chon-

drocyte Implantation or Microfracture is that they cannot guide the formation of a pure

hyaline cartilage. Following current treatments a fibrocartilage or a mixture of fibro- and

hyaline cartilage fills the defect in the place of hyaline cartilage. Fibrocartilage has the

disadvantage that it degrades over time due to its inferior mechanical properties compared to

hyaline cartilage. To solve this issue, future treatments should focus on creating pure hyaline

cartilage. Recently, it was hypothesized that one possibility to engineer pure hyaline cartilage

is the production of scaffolds which mimic the mechanical properties and zonal structure of

native cartilage.

The overall goal with my Ph.D. project is the development of a scaffold based on decel-

lularised articular cartilage, which has zone-specific mechanical properties to induce zonal

lineage commitment in chondro-progenitors. The Ph.D. project was divided into three major

sections. In the first section, the zonal mechanical properties of human articular cartilage

were measured by instrumented indentation which was information crucial to targeting the

appropriate properties in scaffolds. This resulted in finding a depth-dependent mechanical

property gradient. In the second section, a decellularisation method involving supercriti-

cal carbon dioxide in combination with a CO2-philic detergent was developed that could

overcome the limitations of existing complex and time-consuming protocols to decellularise

articular cartilage. Using this method, bovine articular cartilage was successfully decellu-

larised while important cell adhesion molecules were maintained. The high matrix density of

articular cartilage makes cell infiltration challenging. For that reason, the articular cartilage

was processed into a porous scaffold, in the third section of this thesis. The porous scaffold

was produced by pepsin-digestion of the decellularised cartilage, lyophilization and covalent
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crosslinking. It was demonstrated that the mechanical properties of these scaffolds could be

tailored by changing the digest concentration prior to lyophilization. However, the developed

scaffold fabrication procedure only enabled the achievement of the mechanical properties of

the superficial zone, whereas the mechanical properties were too low to target the middle,

deep and calcified zone. Further analysis was therefore only focused on superficial cartilage.

The superficial zone-specific protein lubricin was evident on the surface of the scaffolds

after 14 and 28 days of cell culture when seeded with human chondro-progenitors. This

confirms that mimicking the zone-specific mechanical properties in these prepared scaffolds

can produce zonal lineage commitment.

Through the results that have been accumulated in my project, it was possible to demon-

strate that scaffolds with superficial zone-specific mechanical properties which are based on

decellularised articular cartilage can induce zonal lineage commitment. These results show a

promising concept to induce zonal lineage commitment in chondro-progenitors, a valuable

feature to engineer pure hyaline cartilage with natural structure in future cartilage treatments.

Keywords: Articular cartilage, chondro-progenitors, decellularisation, instrumented

indentation, mechanical property gradient, supercritical carbon dioxide
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Zusammenfassung
Knorpelschäden sind ein häufig auftretendes klinisches Problem, aufgrund der eingeschränk-

ten Regenerationsfähigkeit von Gelenkknorpel. Unbehandelt vergrößern sich Knorpelschäden

progressiv und führen zu ernstzunehmenden Gelenkserkrankungen wie Arthrose. Daher ist

eine frühzeitige Behandlung des Gelenkknorpels unerlässlich, um die Situation zu stabil-

isieren und ein weiteres Fortschreiten aufzuhalten. Nur gesunder, hyaliner Knorpel, stellt

die korrekte Funktion unserer Gelenke sicher. Aktuelle Therapieansätze wie die autologe

Knorpelzelltransplantation oder Mikrofraktierungen resultieren jedoch oft in mechanisch

minderwertigem Faserknorpel oder einer Mischung aus Faser- und hyalinem Knorpel. Die

reduzierten Materialeigenschaften führen dann zu einem beschleunigten Verschleiß der

reparierten Knorpelstelle. Diese Probleme können nur mit neuen Therapieformen, die die

Entstehung von hyalinem Knorpel unterstützen, gelöst werden. Ein Ansatz dafür könnte die

Nutzung von Trägermaterial mit Knorpelschicht-spezifischen mechanischen Eigenschaften

zur Knorpelgewebezüchtung sein.

Das übergeordnete Ziel dieser Doktorarbeit war die Entwicklung eines Trägermaterials

für die Knorpelgewebszüchtung mit der Fähigkeit, Knorpelschicht-spezifisches Verhalten

in Chondroprogenitorzellen hervorzurufen. Zur Verwendung kommen soll dazu dezellular-

isierter Rinderknorpel mit dem der jeweiligen Knorpelschicht angepassten mechanischen

Eigenschaften. Die Doktorarbeit ist in drei Teile untergliedert. Im ersten Teil wurden die

Knorpelschicht-spezifischen mechanischen Eigenschaften von humanem Gelenkknorpel

mittels Eindruckhärteprüfungen ermittelt. Diese Information bildet die Grundlage für die

folgende Festlegung der mechanischen Eigenschaften des zu entwickelnden Trägermaterials.

Wie zu erwarten zeigten die Messungen einen Anstieg der mechanischen Eigenschaften bei

Bewegung der Indenternadel von der Knorpeloberfläche zum Knochen. Im zweiten Teil

dieser Arbeit wurde eine Dezellularisierungsmethode basierend auf superkritischem Kohlen-

dioxid und einem Kohlendioxid-philen Lösungsmittel entwickelt. Mit dieser neuen Technik

sollen die Nachteile von existierenden Protokollen, die meist komplex und zeitaufwändig

sind, überwunden werden. Es wurde gezeigt, dass mit dieser Methode erfolgreich Rinder-

knorpel unter Erhaltung wichtiger Zelladhäsionsmoleküle dezellularisiert werden kann. Die

entstehenden Matrizen können aufgrund ihrer hohen Dichte jedoch kaum von Zellen be-

siedelt werden, daher wurde die Verarbeitung des Knorpelmaterials zu porösen Strukturen

notwendig, ein Prozess der im dritten Teil der Doktorarbeit beschrieben wird. Zur Erreichung

dieses Ziels wurde der Rinderknorpel mit Pepsin verdaut, gefriergetrocknet und kovalent

quervernetzt. Die mechanischen Eigenschaften der so produzierten Trägerstrukturen kon-

nten durch Anpassung der zu verdauenden Knorpelkonzentration, eingestellt werden. Die
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mechanischen Eigenschaften der entstehenden Strukturen waren tendenziell eher niedrig und

konnten nur der oberflächlichen Knorpelschicht angepasst werden. Der höhere elastische

Modulus der tieferen Knorpelschichten konnte nicht erreicht werden. Alle weiteren Unter-

suchungen wurden daher auf die oberflächliche Knorpelschicht beschränkt. Die entwickelten

Trägerstrukturen wurden in einem weiteren Schritt mit Chondroprogenitorzellen besiedelt

und später immunohistochemisch untersucht. Dabei wurde das Protein Lubricin, welches

spezifisch für die oberflächliche Knorpelschicht ist, erfolgreich an der Oberfläche der Gerüste

nach 14 und 28 Tagen Zellkultur nachgewiesen. Dies bestätigt die Hypothese der vorliegen-

den Doktorarbeit, dass Knorpelschicht-spezifische mechanische Eigenschaften in natürlichen

Trägerstrukturen ausreichen um einen zonalen Zelltyp hervorzurufen.

Zusammenfassend kann gesagt werden, dass die in dieser Arbeit präsentierten Techniken

ein attraktives Konzept zur Stimulation eines zonalen Zelltyps in Chondroprogenitorzellen

darstellen. Dies ist ein wichtiger Schritt, um bei zukünftigen Knorpelbehandlungen, rein

hyalinen Knorpel mit natürlicher Struktur und Funktion erzeugen zu können.

Schlüsselwörter: Chondroprogenitorzellen, Dezellularisierung, Eindruckhärteprüfung,

Extrazelluläre Matrix, Gelenkknorpel, Gradient von mechanischen Eigenschaften, Indenta-

tion, superkritisches Kohlendioxid
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Chapter 1

Motivation

As early as in 1742 William Hunter recognized that cartilage damage is very problematic

by stating that “From Hippocrates to the present age, it is universally allowed that ulcerated

cartilage is a troublesome thing and that, once destroyed, is never recovered” (Hunter, 1742).

Even though his statement was more than 270 years ago, it still describes a recurrent problem

for orthopaedic surgeons. Indeed, until the present date, a permanent repair of articular

cartilage is virtually impossible. Articular cartilage has a very low intrinsic healing capacity

due to its alymphatic and avascular character. Unfortunately, initial cartilage damage (caused

by sport activities or pathologies) can induce a cascade of accelerated degeneration, which

finally leads to severe diseases such as osteoarthritis. In Europe, it is estimated that 30% of

the population between 65-85 suffer from clinical osteoarthritis (Castell et al., 2015). This

degenerative joint disease causes immense socio-economic burdens, accounting for very high

medical costs. The situation is further aggravated by the aging population and emerging risk

factors such as obesity and sport-related injuries (Mithoefer et al., 2015). An implant (total

knee arthroplasty) is currently the final treatment option in the case of advanced degeneration

and osteoarthritis (Portocarrero and Livinston, 2013).

Early preventive measures, as well as cartilage lesion treatment, might delay or avoid

the occurrence of osteoarthritis (Ding et al., 2010; Vanlauwe et al., 2011). Notably, cell-

based therapies such as Autologous Chondrocyte Implantation (ACI) have shown promising

results, producing repaired tissue which resemble mainly hyaline cartilage (Brittberg et al.,

1994, 2018). However, the formed repaired tissue has not demonstrated to have the same

complex zonal structure, which may be crucial for the long-term function of articular cartilage.

Therefore, new bioactive materials might be able to guide chondrocytes to produce hyaline

cartilage with the required zonal structure. Additionally, alternative off-the shelf cell sources

should be used to simplify and reduce ACI to a single-step procedure. With these materials
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and cell sources at hand, scientists and orthopedic surgeons will hopefully be able to prevent

the occurrence of osteoarthritis and finally challenge the initial argument of William Hunter.



Chapter 2

State of the Art

2.1 Articular Cartilage

There are different kinds of cartilage tissues that can be distinguished: elastic, fibrous and

hyaline cartilage. For elastic cartilage, it is present in the aorta and outer ear and provides

elasticity by its matrix protein elastin (Gotte et al., 1963). Whereas, fibrocartilage is found in

inter-vertebral discs, menisci and tendons. Consisting mostly of collagen type I, fibrocartilage

provides tissues with mechanical strength (Harkness, 1961). Finally, hyaline cartilage can

be found in the nose, bronchi, trachea, larynx and in the articulations. Due to its glass-like

appearance (hyalos means glass in Greek), the name hyaline cartilage was coined. Articular

cartilage is hyaline cartilage that lines the ends of the articulating bones (Figure 2.1). Even

though articular cartilage is approximately 2-3 mm thick only, it can withstand the harsh

loading environment in the joints of our body. In order to withstand this harsh environment,

articular cartilage has a particular structure and a nearly frictionless surface to enable smooth

gliding of the opposing cartilage surfaces in our knee joint (Forster and Fisher, 1996). Inside

the joint capsule, articular cartilage is surrounded by synovial fluid, which enhances the

lubrication inside the knee joint (Schmidt et al., 2007). In addition, the synovial fluid is

the only source of nutrients for the chondrocytes since cartilage is an avascular tissue (i.e.

not connected to the blood supply). Chondrocytes are specialized cells residing in articular

cartilage (Strangeways, 1920). The properties of articular cartilage can be understood by its

composition and zonal structure.

2.1.1 Composition and Zonal Structure of Articular Cartilage

Articular cartilage contains a considerable amount of water (65-85%) (Maroudas et al., 1969).

This water is stored in a dense extracellular matrix (ECM) with an average pore size of only



4 State of the Art

Figure 2.1 Articular cartilage in humans. A. Locations of articular cartilage in the human

body. B. Side view of human knee with patella, femur and tibia indicating the position of the

hyaline cartilage on the different bones. Histological section of articular cartilage stained by

Haematoxylin and Eosin; upper part illustrates articular cartilage layer. Lower part (separated

by a dashed line) indicates subchondral bone. Scale bar: 200 μm.

6 nm (Maroudas, 1976). The ECM mainly consists of two different kinds of molecules:

collagens (60-86% dry wight) and proteoglycans (15-40% dry weight) (Mow et al., 1992).

Collagen type II is the most abundant collagen in articular cartilage (90-95%) (Miller and

Lunde, 1973). Other collagens include type III,VI, IX and XI (Eyre et al., 2006). These

collagen types aid to form and stabilize the type II collagen network.

Proteoglycans have a protein core to which glycosaminoglycan (GAG) chains are co-

valently attached. There are two GAGs in articular cartilage, keratin and chondroitin sul-

phate, which can be detected. Chondroitin sulphate is the predominant GAG type in carti-

lage (Mathews et al., 1958). GAG chains extend from the protein core and form brush-like

structures (Figure 2.2). Due to charge repulsion, the GAG chains remain separated, which

results in occupation of more space within the ECM. There are different types of proteogly-

cans in articular cartilage such as aggrecan, decorin, biglycan and fibromodulin (Aspberg,

2016). Aggrecan is the most abundant and largest proteoglycan. It is composed of a protein
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backbone to which the polysaccharides chondroitin or keratin sulphate are attached. The

important feature of aggrecan is its ability to form aggregates with hyaluronan (Hardingham

and Muir, 1972). These aggregates form via link proteins between aggrecan and hyaluro-

nan (Hardingham, 1979).

Figure 2.2 Composition of extracellular matrix in articular cartilage. Hyaluronan binds

to the CD44 cell receptor and is connected with aggrecan via link proteins. Collagen type II

fibrillation is influenced by collagen type IX, decorin, biglycan and fibromodulin. Integrin

receptors bind to fibronectin and laminin.

The less abundant proteoglycans such as decorin, biglycan and fibromodulin interact

with collagens (Aspberg, 2016). Apart from water and ECM, articular cartilage also contains

very few chondrocytes, which occupy only 2% of the volume (Alford and Cole, 2005).

Chondrocytes have a low metabolic activity and synthesize ECM molecules very slowly. For

instance, the turnover of proteoglycans in articular cartilage can take up to 25 years and the

collagen half-life is estimated to be between decades to 400 years (Eyre et al., 2006; Masuda

et al., 2003).

The composition, structure and chondrocyte distribution are inhomogeneous and change

dependent on depth from the cartilage surface towards the bone (Maroudas, 1973; Maroudas
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et al., 1969). According to depth, four different cartilage zones can be distinguished: a)

superficial zone, b) middle zone, c) deep zone and d) calcified zone (Figure 2.3).

Figure 2.3 Zones present in articular cartilage with chondrocyte and collagen fiber
orientation/distribution. a) Zonal structure: superficial (10-20% of cartilage volume),

middle (40-60% of cartilage volume), deep zone (20-50% of cartilage volume), calcified

zone and subchondral bone can be distinguished. The tidemark is the transition between deep

zone and calcified zone, whereas the cement line is the transition between calcified layer and

subchondral bone. b) Chondrocyte orientation/distribution. c) Zone-dependent collagen fiber

orientation/distribution.

From the superficial zone towards the subchondral bone, the GAG content increases,

whereas the collagen content diminishes (Muir et al., 1970). The superficial zone only makes

up 10-20% of the cartilage volume. It is rich in small diameter collagen fibers, which are

oriented in parallel to the cartilage surface (Maroudas and Bullough, 1968). This parallel

orientation causes the high tensile strength and shear resistance of articular cartilage (Muir

et al., 1970). In the superficial zone the chondrocytes are flatly oriented and express a

protein called "lubricin" or "superficial zone protein" (Schumacher et al., 1994). Lubricin

reduces friction on the cartilage surface and is thus essential for the function of articular

cartilage (Rhee et al., 2005). The middle zone takes up 40-60% of cartilage volume and

the collagen fibers are randomly oriented and have a larger diameter than in the superficial

zone (Minns and Steven, 1977; Weiss et al., 1968). The chondrocytes have a spherical shape,

are arbitrarily distributed and express the intermediate layer protein (Lorenzo et al., 1998).
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The transition between the deep zone and the calcified zone is called tidemark (Redler et al.,

1975). The deep zone and calcified zone occupy 20-50% of the total cartilage volume. In the

deep zone towards the subchondral bone, the collagen fibers and chondrocytes are organized

in columns (Trueta and Little, 1960). The transition between calcified zone and subchondral

bone is called cement line. The cement line can be interpreted as a "viscous" interface

between cartilage and bone (R Lakes, 1979).

All the aforementioned structural and biochemical features of articular cartilage play an

important role for its biomechanical behavior (Chen et al., 2001b; Lu and Mow, 2008).

2.1.2 Biomechanical Properties of Articular Cartilage

There are three phases that contribute to the biomechanical properties of articular cartilage:

i) a solid phase: the ECM, ii) a fluid phase: the synovial fluid produced by the synovial

membrane and iii) an ion phase consisting of different ion species such as sodium (Na+),

calcium (Ca2
+), chloride (Cl– ), and potassium (K+) (Lai et al., 1991; Linn and Sokoloff,

1965; Lu and Mow, 2008; Maroudas, 1973).

In engineer terms, articular cartilage can thus be described as a "fluid-saturated, fiber-

reinforced, porous and permeable composite matrix" (Mow et al., 1984) or in a simplified

manner: a sponge with very low permeability. The negatively charged sulphate (SO4
– ) and

carboxylic groups (COO– ) of the polysaccharides (chondroitin or keratin sulphate) give

a high negative charge density (Maroudas et al., 1969). The high negative charge of the

proteoglycan aggrecan attracts positively charged ions such as sodium (Na+) and calcium

(Ca2
+). These positively charged ions attempt to neutralize the negative charge of the sulphate

groups in aggrecan. As a result of the high ion concentration in the ECM of articular cartilage

compared to the ion concentration in the surrounding synovial fluid, an osmotic pressure

builds up in the ECM (Maroudas, 1976).

This osmotic pressure is maintained and absorbs load and mechanical shock during daily

activities. The water cannot escape quickly from the ECM during load, due to two reasons:

first, the water molecules are bound by the charged ECM molecules and ions and second,

the very low permeability of its ECM (6 nm pore size on average (Maroudas, 1976)). The

permeability of articular cartilage changes depth-dependently. The superficial zone is the

most permeable and the deep zone the least permeable (Maroudas and Bullough, 1968).

During daily activities articular cartilage experiences different mechanical stimuli includ-

ing tensile, compressive and shear stresses (Athanasiou et al., 2009). Compressive loading is

the predominant type of loading in articular cartilage.

Due to the flow of synovial fluid inside the low-permeable matrix, articular cartilage

possesses time- and rate- dependent deformation characteristics, which can generally be
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described as visco-elastic (Hayes and Mockros, 1971). An important mechanical variable in

articular cartilage is the aggregate modulus, which is between 0.5 and 0.9 MPa (Athanasiou

et al., 1991). Apart from its compressive properties, articular cartilage also provides an

almost frictionless surface with a friction coefficient of 0.05-0.015 (Forster and Fisher, 1996).

The low friction coefficient is essential for the smooth gliding of opposing cartilage surfaces

within the knee joint.

2.1.3 Articular Cartilage Defects and Osteoarthritis

Articular cartilage defects can have a variety of causes ranging from strong impact, repeated

loading and presence of foreign bodies to genetic causes such as osteochondritis disse-

cans (Clements et al., 2001; Jeffrey et al., 1995; Rosenthal et al., 1983). According to their

size and depth, the defects can be classified as chondral (lesions are limited to superficial

and middle zone), osteochondral (lesions that go down to the subchondral bone) and lesions

that penetrate down to the bone marrow (Simon and Jackson, 2018). A classification for the

different lesions is illustrated in Figure 2.4.
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Figure 2.4 Articular cartilage defect types. A. Healthy cartilage. B. Chondral lesion. C;

Osteochondral lesion. D. Osteochondral lesion with bone marrow defect.

If left untreated, cartilage lesions can progress in size and develop into osteoarthritis

over time (Charalambous, 2014). Osteoarthritis is a degenerative disease affecting the entire

joint (Loeser et al., 2012). To slow down degeneration and occurrence of osteoarthritis, it can

be beneficial for the patient if cartilage lesions are detected and dealt with early (Vanlauwe

et al., 2011).
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2.2 Treatments for Cartilage Lesions and Osteoarthritis

Depending on the disease state and physical condition of the patient, different treatment

options are available. These treatment options are summarized in Table 2.1 and are visualized

in Figure 2.5.
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Figure 2.5 Treatments for patients with cartilage lesions and osteoarthritis (knee as
example). I. Patients with chondral defects; II. Patients with osteochondral defects: a.

Depiction of a full-thickness focal chondral lesion. b. The lesion is debrided (diseased

tissue is removed) to ensure that newly forming tissue can integrate within the host tissue. c.

Microfracture treatment. d. Autologous Chondrocyte Implentation (ACI). e. Matrix Assisted

Autologous Chondrocytes Implantation. III. Patients with osteochondral defect including

bone marrow defect: osteoarthritis and subsequent knee arthroplasty with implant.
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2.2.1 Pain Alleviation and Prevention

In the early stage (chondral lesions), analgesics, weight loss, physiotherapy or viscosupple-

ments are possible treatments. Analgesics only alleviate the pain, whereas weight loss and

physiotherapy might aid to slow down further cartilage degeneration. Viscosupplements

such as hyaluronic acid have shown to mildly reduce pain when injected into the knee cav-

ity (Petrella et al., 2002). However, a recent systematic review, which analyzed 12,667 adults

receiving viscosupplements, has concluded that the reduction of pain was minimal to non-

existent (Rutjes et al., 2013). On the contrary, a reduction of 56.5 % in osteoarthritis-inflicted

pain according to the Liker scale was reported in another study (Heisel and Kipshoven, 2013).

Furthermore, the authors of the review discourage the administration of viscosupplements,

due to increased risk of adverse effects. For a more advanced disease stage (osteochondral

defects), surgical procedures are recommended.

2.2.2 How To Choose the Surgical Intervention?

In order to choose the appropriate surgical treatment for an individual patient, "treatment

algorithms" were developed. These treatment algorithms help the surgeon to decide for the

appropriate surgical intervention depending on defined criteria, which are summarized in

Figure 2.6 (Cole et al., 2009; Oliver-Welsh et al., 2016). According to the treatment algorithm,

assessment of need for surgery, lesion size and physical demand are the most important

criteria for the surgeon. Before planning a surgery, the surgeon has to carefully consider the

pain level, pathologies and the risk-benefit ratio for each individual patient. The lesion size

and the activity level play important roles in the decision for the most suitable treatment. A

summary of treatments currently applied in clinics is illustrated in Figure 2.5.
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Figure 2.6 Criteria for surgeons to decide for the surgical intervention. This figure was

inspired by the work of (Cole et al., 2009).

Table 2.1 Treatments for patients with cartilage lesions and osteoarthritis.

Treatment Description Benefits Limitations Patient group

Non-surgical Viscosupplements Relatively inexpensive Palliative All patient groups

Analgesics No surgery

Weight-loss

Physiotherapy

Athroscopic- Removal of detached Pain relief Palliative All patient groups

chondroplasty Cartilage No scientific proof

Microfracture Puncturing of Rapid recovery Fibrocartilage Young athletes

subchondral bone Variable outcome

to release MSCs

Joint arthroplasty Implant to replace Pain relief Risk of infection Osteoarthritis patients

joint Wear of implant at late stage

(Reoperation)

Autologous chondrocyte Autologous cells are Might induce hyaline Expensive

Implantation (ACI) extracted and harvested cartilage Repair tissue is

to be reinjected variable

Matrix-assisted Similiar to ACI, but Might induce hyaline Expensive

Autologous chondrocyte chondrocytes are cultured cartilage Repair tissue is

Implantation (MACI) on a 3D matrix prior variable

to implantation
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2.2.3 Microfracture

Microfracture is a common technique used to treat full-thickness articular cartilage defects,

which are smaller than 2-3 cm2. This surgical technique, which builds upon the body’s

own healing potential, was developed by Steadman and colleagues in the 1980s (Steadman

et al., 2001). Briefly, in microfracture (Figure 2.5) the damaged cartilage tissue is debrided

(removed down to the calcified zone). Channels are then punctured into the subchondral

bone with an awl, spaced 3-4 mm apart and 2-4 mm deep, to expose the bone marrow.

Subsequently, MSCs migrate from the bone marrow to the site of the cartilage defect and

form a fibrin clot which over time develops into a tissue (Figure 2.5).

The drawback of microfracture is the fibrous character of the forming repaired tissue,

which has demonstrated to have inferior biochemical and mechanical properties compared

to hyaline cartilage (Mithoefer et al., 2009). The repaired tissue formed after microfracture,

effectively provides short-term improvement of knee function (within the first 24 months),

however there are few studies available that have investigated the long-term effectiveness of

microfracture (Mithoefer et al., 2009). In one of these long-term studies, microfracture has

demonstrated that five years after the treatment, early signs of osteoarthritis might appear

regardless of the size of the lesion (Knutsen et al., 2007). To improve the control and outcome

of microfracture, combination with covers such as periosteal flaps or natural and synthetic

scaffold materials is an option (Dorotka et al., 2005; Siebold et al., 2003). Nevertheless, for

the repair of larger cartilage lesions, other surgical techniques are more suitable.

2.2.4 Autologous Chondrocyte Implantation

For larger defects, exceeding 2-3 cm2, Autologous Chondrocyte Implantation (ACI) is

recommended. ACI is a cell-based cartilage repair technique, which utilizes the patient’s

own chondrocytes to create a graft tissue (Figure 2.5).

ACI was first implemented by Brittberg in 1987 and has since been constantly mod-

ified (Brittberg et al., 1994). Currently, there are four different generations of the ACI

procedure. Except for the latest generation, all ACI procedures entail a two-step protocol.

First, a biopsy is taken from a non-load bearing area of articular cartilage to isolate and

expand the chondrocytes in vitro. Once a sufficient cell number is reached (12-48 million

cells, after approximately 4 weeks), the chondrocytes are reinjected into the defect site or

cultured on biomaterials prior to implantation. The biomaterial has evolved during each ACI

generation.

In the first generation of ACI, a periosteal flap was used to cover the defect site. Thus,

the periosteal flap was fixed with fibrin glue on the cartilage defect to create a cavity. The
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autologous chondrocytes were subsequently injected into this cavity. The first generation of

ACI has already demonstrated a significant improvement in function, formation of hyaline-

like cartilage tissue and a reduction of pain. For instance, comparing the improvement of

clinical score to microfracture, ACI demonstrated a superior outcome 10 years post-surgery

in case of cartilage defects exceeding 3 cm2 (Basad et al., 2010; Saris et al., 2014).

However, the major limitation of the first generation of ACI is the use of the periosteal

flap. Firstly, harvesting the periosteum for the periosteal flap increases operating time and

secondly the periosteal flap can induce hypertrophy (Peterson et al., 2000). To circumvent

the problem of hypertrophy, bio-absorbable collagen membranes were used in the second

generation of ACI to replace the periosteal flap. The clinical performance of these matrices

was tested in numerous human clinical studies, with the common tendency of improving the

clinical score.

The third generation of ACI is known as Matrix-Assisted Chondrocyte Implantation

(MACI). In MACI, autologous chondrocytes are expanded in vitro and cultured on a chondro-

inductive matrix during 3 days prior to implantation. Subsequently, the cell-seeded matrix

is glued into the defect site with fibrin glue. In a recent randomized controlled study of

144 patients with a 5 years-follow up, MACI has demonstrated a statistically significant

improvement with lesions bigger than 3 cm2 when compared to microfracture (Brittberg

et al., 2018).

Finally, in the fourth generation, ACI is reduced to a single-step procedure by using non-

expanded autologous chondrocytes or allogenic progenitor cells (Orth et al., 2014). Further

success and improvement of ACI and MACI depend on the cell type and biomaterial that

is used for the procedure. In the following section, different biomaterials currently used

in clinics, development of biomaterials in research and information about the different cell

sources and cell types will be given.

Commercial Matrices for (M)ACI

Commonly applied, commercially available, bio-absorbable materials are listed in Table 2.2.

Collagen is the predominant bio-absorbable material, with products derived from porcine

collagen type I/type III (ACI-MAIX, Chondro-Gide and MACI) or from collagen type I

only (CaRes, Neocart, Novocart 3D). The absorbable MACI membrane has two distinct

sides. The upper side is engineered to have low friction (low porosity), whereas the lower

side is engineered for cell infiltration (high porosity). Alternative matrix materials include

hyaluronan (Hyalograft C, Anika Pharmaceutics, USA), Polyglycolic acid (Bio-Seed C,

Biotissue, Germany), fibrin gel (Chondron, Regrow, India) or cellular cartilage spheroids
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(Chondrosphere, Co.don, Germany). Based on personal observation, all listed matrices

commonly have relatively low initial mechanical properties.

Table 2.2 Clinical studies of materials for (M)ACI.

Product Manufacturer Natural material Clinical studies (human)

ACI-MAIX Matricel Porcine I-III (Ebert et al., 2011; J.R. et al., 2014)

(Germany) collagen membrane (Bauer et al., 2012; Zheng et al., 2007)

Chondro-Gide Geistlich Pharma Porcine I-III (Marlovits et al., 2012; Ronga et al., 2004)

(Switzerland) collagen membrane (Haddo et al., 2004)

MACI Vericel Porcine I-III (Anders et al., 2012; Zhang et al., 2014)

(USA) collagen membrane (Aldrian et al., 2014)

CaRes Atrho-Kinetics Rat collagen type I matrix (Barthel et al., 2011; Steinhagen et al., 2010)

(Austria)

Neocart Histogenics Bovine collagen type I matrix (Crawford et al., 2012, 2009)

(USA)

Novocart 3D TETEC Bovine sollagen biphasic membrane (Niethammer et al., 2014; Zak et al., 2014)

(Germany) (Angele et al., 2015)

Hyalograft C Anika Pharmaceutics Hyaluronan (Brun et al., 2008; Wondrasch et al., 2009)

(USA) (Clar et al., 2010; Kon et al., 2016)

Bio-seed C Biotissue Polyglycolic acid (Erggelet et al., 2010; Fontana et al., 2012)

(Germany) (Kreuz et al., 2013; Mancini and Fontana, 2014)

Chondron Regrow Fibrin gel (Fickert et al., 2014; Könst et al., 2012)

(India)

Chondrosphere Co.don AG Spheroids in suspension (Fickert et al., 2014)

(Germany) from autologous chondrocytes

2.2.5 Total Knee Arthroplasty

A total knee arthroplasty (TKA) is performed to alleviate the pain and regain function for

patients suffering from advanced osteoarthritis (Ethgen et al., 2004). Briefly, the articular

cartilage and part of the bone is removed by the orthopedic surgeon to replace the articulation

with an implant (Figure 2.5). Although TKA has demonstrated high success rates, there is still

some risk for revision surgeries due to prematurely failing implants. Failure of implants is

usually attributed to loosening (39.9%), infection (27.4%), instability (7.5%), periprosthetic

fracture (4.7%), and arthrofibrosis (4.5%) (Sharkey et al., 2013). Even though TKA is an

efficient procedure to treat patients with advanced osteoarthritis, it is not intended for younger

patients due to the need for revision. Cartilage tissue engineering might aid to repair or

regenerate cartilage tissue.
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2.3 Cartilage Tissue Engineering

Tissue engineering involves the de- novo formation of a tissue by the combination of a porous

biomaterial (scaffold), cells and bioactive factors (Hollister, 2005; Hutmacher, 2000). The

biomaterial or scaffold provides a three- dimensional mechanical support on which the cells

can grow into a geometrically defined structure. In the case of cartilage tissue engineering, a

scaffold typically has the following requirements: i) degradation synchronized with chondro-

cytes ECM production; ii) bioactivity for chondrocyte attachment, migration and signaling;

iii) suitable mechanical properties to withstand the harsh mechanical environment within

the knee joint; and, iv) possess an interconnected porous structure to enable chondrocyte

ingrowth, nutrient-and waste exchange (Nuernberger et al., 2011). Scaffolds can be produced

by synthetic or natural materials. Synthetic materials have the advantage of more easily

modifiable properties and reproducibility, but they often lack bioactivity. In contrast, natural

materials inherently provide bioactivity (Lutolf and Hubbell, 2005). In the following sections,

the use of decellularised matrices will be discussed. Furthermore, potential cell types and

cell sources for cartilage tissue engineering will be elucidated.

2.3.1 Decellularised Articular Cartilage

Decellularised tissues are a particularly attractive material in tissue engineering due to their

tissue-specific composition and environment which is still unmatched by synthetic materials.

With decellularisation, cellular components are removed from tissues to use the remaining

acellular ECM as a scaffold. It is commonly agreed that successful decellularisation is

defined by the following criteria: no visible cell nuclei in histology staining, less than 50

ng dsDNA/mg dry tissue and a DNA fragment size of less than 200 base pairs (Crapo et al.,

2011). It is crucial that all cellular material is carefully removed to avoid adverse effects

for the patient (Keane et al., 2012). Apart from DNA, the oligosaccharide Galα1,3-Galβ1-

4GlcNAc-R, also known as "Gal epitope" can cause adverse effects (Badylak and Gilbert,

2008). The gal epitope is only present in animal tissues and commonly causes immune-

reactions in humans. It can be argued that for articular cartilage due to its avascular and

alymphatic character (relatively immuno-privileged), the Gal epitope is not likely to trigger a

severe immune-reaction (Bedi et al., 2010; Revell and Athanasiou, 2009). Nevertheless, to

circumvent this issue the gal epitope can be removed from animal tissues by treatment with

α-galactosidase, which has previously shown to minimize reactions (Kevin R. Stone et al.,

1998).

Decellularisation of articular cartilage is especially demanding, due to its high ECM

density (average pore size: 6 nm (Maroudas, 1976)). Likewise cell ingrowth into its dense
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ECM is very challenging. It was shown that whole articular cartilage could be decellularised

by applying harsh protocols which usually involve many time-consuming steps (Bautista

et al., 2016; Luo et al., 2015; Schneider et al., 2016; Yang et al., 2010). For cell infiltration,

however, the porosity of articular cartilage requires enhancement, for example by introducing

channels or by removing GAGs through enzymatic digestion (Bautista et al., 2016; Luo et al.,

2015). Using these measures, the cell infiltration was still mostly limited to the surface

of the scaffolds. Further porosity enhancement was achieved when articular cartilage was

processed into particles or hydrogels which enabled a good infiltration (Beck et al., 2016;

Cheng et al., 2009; Gawlitta et al., 2015; Ghosh et al., 2018; Rowland et al., 2016; Sutherland

et al., 2015; Visser et al., 2015; Yang et al., 2008, 2010). Despite that processing lead to the

destruction of articular cartilage’s zonal structure, its tissue-specific composition has shown

to produce a chondrogenic effect (either alone or in synergy with growth factors) (Blacker

et al., 2018; Cheng et al., 2009; Ghosh et al., 2018; Luo et al., 2015; Rowland et al., 2013;

Sutherland et al., 2015; Visser et al., 2015). It should be noted that the chondrogenic effect

is likely depending on the decellularisation protocol. Thus, a systematic comparison of

decellularisation protocols for articular cartilage has revealed protocol-dependent effects on

the ECM that can either be advantageous or disadvantageous for the bioactivity (Schneider

et al., 2016).

A summary of present decellularisation methods for articular cartilage and the corre-

sponding studies can be found in Table 2.3. In all listed studies, a high biocompatibilty of the

resulting decellularised articular cartilage was found in vitro (Bottagisio et al., 2016; Burk

et al., 2014; Deeken et al., 2011; Dong et al., 2015; Farnebo et al., 2014; Fermor et al., 2015;

Roth et al., 2017; Schneider et al., 2016; Tiziana Martinello1, 2014; Yang et al., 2013, 2010;

Youngstrom et al., 2013). Nonetheless, only a few studies have evaluated the in vivo effect of

the decellularised cartilage tissues (Blacker et al., 2018; Dong et al., 2015; Liu et al., 2017;

Yang et al., 2008, 2010). For instance, a good biocompatibility of decellularised cartilage

was found in BALB/C mice (Blacker et al., 2018). Another study observed an enhanced

histological score of the forming neotissue when decellularised articular cartilage was seeded

with MSCs in rabbits (Yang et al., 2010). It was further demonstrated that cartilage-like tissue

has formed in nude mice (Kang et al., 2014; Yang et al., 2008).

Regardless of these promising results, all studies listed in Table 2.3 have inherent limita-

tions. First, there is no common protocol for the decellularisation of articular cartilage. As a

result of the diverse protocols, likewise the structure, mechanical properties and biocompat-

ibility can be affected to a different extent. Optimization of the decellularisation protocol

would, thus, be essential to minimize any negative effect on the ECM.
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Secondly, the sterilization of the decellularised tissues was performed with various

techniques such as ethylene oxide, 70% ethanol, peracetic acid and UV irradiation. Similar

to the decellularisation protocol also the sterilization method should be carefully chosen,

due to its reported effect on the mechanical properties of biomaterials (Freytes et al., 2008;

Rosario et al., 2008; Sun and Leung, 2008). Milder techniques such as supercritical carbon

dioxide can minimize the negative impact of sterilization (Bernhardt et al., 2015).

Finally, the biological tests on the decellularised matrices lacked uniformity. When

comparing the studies, different cell types and rarely the tissue-specific cell type were

used to examine the biological response of the decellularised tissues. For instance, mouse

3T3-cells were seeded in decellularised bovine osteochondral plugs to investigate their

biocompatibility (Fermor et al., 2015). Similarly, the in vivo tests were performed in diverse

animal models and focused on a multitude of biological responses, which were not consistent

among studies. Yet, mostly favorable responses like tissue remodeling, improvement of

histological score and bone and fibrocartilage formation could be described (Dong et al.,

2015; Farnebo et al., 2014; Gawlitta et al., 2015; Lin et al., 2018; Liu et al., 2017; Yang et al.,

2008, 2010).

Even though decellularised articular cartilage shows are great potential, there still remains

much to be investigated to translate it into a clinical application. Novel approaches should be

developed to simplify and standardize the decellularisation of articular cartilage.
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Table 2.3 Decellularisation and processing of articular cartilage into a scaffold.
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2.3.2 Commercial Products

As previously explained, decellularised tissue matrices are attractive materials due to their

inherent bioactivity, structure and mechanical properties. According to the current knowl-

edge, Chondrofix® (ZimmerBioMet, USA) is the only product derived from decellularised

human hyaline cartilage currently on the market. Chondrofix® is intended for osteochondral

cartilage repair. The regeneration of articular cartilage with Chondrofix® was observed in

a case study during a 25-months period (Reynolds and Bishai, 2014). During that time the

Chondrofix® plug was completely integrated within the host tissue and showed no visible

boarders. In another study with 58 patients (age range: 18-59) and a follow-up of up to

28 months, a satisfactory activity level and function was observed (Long et al., 2016). The

favorable healing response with Chondrofix® might be due to relevant mechanical properties

(e.g., bone and cartilage compressive moduli), coefficient of friction and a comparable water

content in regards to native articular cartilage (Gomoll, 2013). Despite these encourag-

ing results, there is also evidence of delamination in several cases with the Chondrofix®

implant (Degen et al., 2016). Furthermore, there are several limitations for the other two

aforementioned Chondrofix® studies. First, the patient population was too small to draw

statistically significant conclusions. Secondly, both studies were isolated case studies and

lacked the confidence level of a randomized control study. Finally, the patient follow-up was

too short (only 28 months) and should be increased to at least 5 years. Future studies with

decellularised articular cartilage are necessary to evaluate the potential of those materials.

2.3.3 Cell Sources

The cell source plays a critical role for the success of cell-based therapies in cartilage repair.

An ideal cell type for articular cartilage repair should produce a dense cartilage-specific

ECM, be easily acquired, available in high numbers and be inducible towards the desired

phenotype. The most frequently used cell source in cell-based cartilage repair are autologous

chondrocytes (Martin et al., 2015). However alternative cell sources such as nasal septum,

auricular and polydactyly chondrocytes have likewise shown promising results (Maehara

et al., 2017; Mortazavi et al., 2017; Mumme et al., 2016; Wong et al., 2018). These cell

types are illustrated in Figure 2.7. Furthermore, chondro-progenitor and stem cells have

demonstrated their potential in cartilage repair. All aforementioned cell sources will be

discussed in the sections below.
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Figure 2.7 Cell sources in cartilage tissue engineering. Chondrocytes are commonly

extracted from the knee, but recent alternatives also investigated nose-septum, chondral and

polydactyly chondrocytes for articular cartilage repair.

Autologous Knee Chondrocytes

Autologous knee chondrocytes are the most common cell type applied in present cartilage

repair strategies. As previously described for the ACI procedure, autologous chondrocytes

are extracted from a biopsy in a non-load bearing area of the patient’s knee. Autologous

chondrocytes minimize adverse immune reactions that might occur when using allogenic

or xenogenic cell sources. However, it should be noted that articular cartilage is considered

relatively immuno-privileged due to its avascularity and dense ECM (Bedi et al., 2010;

Revell and Athanasiou, 2009). This low immunogenicity implies that allogenic or xenogenic

cells might not induce an immune response in articular cartilage. The use of autologous

chondrocytes has the advantage of their fully differentiated state, inherent ECM production

and phenotypic stability. Their drawback is the low cell yield and the long culture time (up

to several weeks) to produce a clinically relevant number of chondrocytes. Simultaneously,
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the monolayer culture, required for cell expansion, causes de-differentiation into a more

fibroblastic phenotype with more collagen type I and less collagen type II expression over

time (Von Der Mark et al., 1977). Although, autologous chondrocytes can be re-differentiated

when cultured in 3D, this would further complicate the procedure (Benya and Shaffer, 1982).

Additionally, the extraction of autologous chondrocytes requires two surgical interventions,

which increase the risk of adverse effects for the patient and make autologous cells less

economically viable. Hence, there is an ongoing search for alternative cell sources.

Nasal Septum Chondrocytes

Recently, very encouraging results were obtained by nasal septum chondrocytes in a clinical

trial with 10 patients, showing significantly improved life-quality after 24-months (Mumme

et al., 2016). Indeed, previous in vitro and in vivo experiments have emphasized the capacity

of nasal septum chondrocytes. Thus, their chondrogenic potential was greater than the

one of the frequently used knee-derived autologous chondrocytes (Kafienah et al., 2002).

Additionally, nasal septum chondrocytes have the significant advantage to be independent

of the donor’s age (Rotter et al., 2002). When seeded in scaffolds in vitro, nasal septum

chondrocytes increased the mechanical properties of the constructs after 2 weeks by producing

GAGs and collagen type II (Farhadi et al., 2006). Moreover, nasal septum chondrocytes are

mechano-responsive and thus increased the secretion of ECM molecules under physiological

loading, even promoting the expression of lubricin (Candrian et al., 2008). Likewise, in

past in vivo experiments in rabbits and mice, nasal septum chondrocytes produced ECM

molecules and formed cartilage-like tissue (Vinatier et al., 2009). Even though the results

are very encouraging, the aforementioned clinical study was performed in only 10 young

patients with small defects. However, another study involving 108 patients is currently

being performed, which will further evaluate the potential of these cells in articular cartilage

repair (Onuora, 2016).

Auricular Chondrocytes

Auricular chondrocytes have previously shown their potential in craniofacial and nasal aug-

mentation and repair (Yanaga et al., 2006). Indeed, auricular chondrocytes, when seeded

in biodegradable matrices, have produced mechanical properties which approach those of

native auricular cartilage (Park et al., 2004). Lately, the potential of auricular chondrocytes

for articular cartilage repair was evaluated. Thus, in a recent study, these cells demon-

strated to produce molecules which are associated to articular chondrocytes (Wong et al.,
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2018). Nonetheless, the available publications on articular cartilage repair with auricular

chondrocytes are limited and future work is required to fully evaluate their potential.

Polydactyly Chondrocytes

Another appealing cell source are polydactyly chondrocytes. Polydactyly patients have

supernumerary fingers or toes, which are routinely removed at a young age. Their accessible

extraction and derivation from young patients give them a huge potential. Compared to

articular chondrocytes, polydactyly chondrocytes demonstrated a more rapid proliferation

and produced thicker cell sheets (Maehara et al., 2017; Mortazavi et al., 2017). However, to

date, there is still little published work on their use in articular cartilage repair. It would be

interesting to evaluate their efficacy in future studies.

Stem Cells

Besides the aforementioned, already differentiated cell types, stem cells offer a promising

cell source in cartilage tissue engineering and regenerative medicine. Primarily, bone marrow

derived mesenchymal stem cells have been investigated for articular cartilage repair (Martin

et al., 2015; Nam et al., 2018). However, also adipose stem cells bear a great potential

due to their assessibility (Zuk et al., 2002). In general, stem cells can be distinguished by

their potency (totipotent, pluripotent, multipotent) as illustrated in Figure 2.8. For instance,

embryonic stem cells are derived from the zygote or early Morula stage (3-4 days) and are

totipotent. A cell is considered totipotent when it can develop any tissue type. Pluripotent

cells are derived from the blastocyst stage (after 5-7 days) and can differentiate into any

of the three germ-layers (ectoderm, mesoderm, endoderm). A multipotent cell can form

specific types of cells. For example, mesenchymal stem cells are derived from the bone

marrow, are multipotent and can form osteoblasts (bone cells), chondrocytes (cartilage cells),

myocytes (muscle cells) and adipocytes (fat cells which give rise to adipose tissue). The

following paragraphs will focus on the potential of bone marrow derived mesenchymal stem

cells (MSCs) and adipose stem cells in articular cartilage repair.

Bone marrow derived MSCs are a promising cell source for clinical use in articular

cartilage regeneration. The extraction of MSCs from the bone marrow is relatively simple

and following extraction, MSCs can be readily expanded and stored in cell banks (Koga

et al., 2009; Pittenger, 1999; Simonsen et al., 2002). Bone marrow derived MSCs have

also demonstrated potential in osteochondral repair, due to their ability to differentiate into

cartilage and bone (de Vries-van Melle et al., 2014; Quarto et al., 2001; Wakitani et al., 2002).

However, the chondro-differentiation leads to a hypertrophic and fibrous phenotype (Pelttari
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Figure 2.8 Progenitor and stem cells in cartilage tissue engineering. Time line and ex-

planation for the extraction of stem and progenitor cells. Stem cells are usually pluripotent or

multipotent, whereas progenitor and adult cells are tissue-specific. In articular cartilage repair

commonly bone-marrow derived mesenchymal and adipose stem cells are used. Embryonic

stem cells are illustrated to explain the relation of cell potency.

et al., 2006). Despite the presence of this issue, the regeneration of articular cartilage

with bone marrow derived MSCs has been demonstrated in several human case studies.

In a study with 72 patients, autologous chondrocytes were compared to MSCs in ACI

treatment (Nejadnik et al., 2010). There was no significant difference between the repair with

the autologous chondrocytes or the MSCs. However, the use of MSCs as cell source is less

expensive than autologous chondrocytes since the surgery can be performed in a single-step

procedure. The cost-effectiveness and reduction of surgical interventions make MSCs a

valuable cell source for cartilage tissue engineering. Nonetheless, the extraction of bone

marrow has an inherent risk for the patient and is very painful.

Therefore, deriving multipotent stem cells from adipose tissues would be a good alterna-

tive (Zuk et al., 2002). Adipose stem cells can simply be extracted from human lipoaspirates

and thus provide minimally invasive access to mulipotent stem cells. Just like bone marrow-

derived MSCs, adipose stem cells can differentiate toward the osteogenic, adipogenic, myo-
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genic, and chondrogenic lineages, but with the advantage of simple assessibility and omitting

the more invasive procedure for the patient compared to bone marrow extraction.

However, regarding articular cartilage repair, a variety of results with adipose derived

stem cells ranging from good to mediocre were obtained. For instance, in a study of Park and

colleagues performed in rats, superior formation of hyaline cartilage was observed with bone

marrow and synovium derived stem cells compared to adipose stem cells (Park et al., 2006).

The same effect was confirmed by a study of Koga and colleagues, which demonstrated that

synovium and bone marrow derived stem cells induced a superior healing response compared

to MSCs derived from skeletal muscle or adipose tissue (Koga et al., 2008). At the same time,

there are concerns about the safety of bone marrow derived MSCs and adipose stem cells

due their mulipotency. Future studies, thus, have to demonstrate the safety of these cells and

systematically compare the clinical outcome to autologous chondrocytes.

Chondro-Progenitor Cells

Chondro-progenitor cells have proven to be a stable cell source for articular cartilage repair

with less concerns about safety than for bone marrow derived MSCs or adipose stem cells.

Indeed, fetal progenitor cells in cartilage, also called "epiphyseal chondro-progenitor cells

(ECPs)", have demonstrated a high proliferation rate and remarkable phenotypic stabil-

ity (Darwiche et al., 2012; Studer et al., 2017). The advantage of ECPs in cartilage repair is

their predefined differentiation potential, which omits the use of specific growth factors or

culture conditions to direct differentiation. Furthermore, a cell bank of ECPs was established

in Switzerland, making ECPs a readily available off-the-shelf cell source (Applegate et al.,

2009, 2013; Quintin et al., 2007). This cell bank has a significant clinical advantage due

to its single-donor origin, thus, ensuring safety and reproducibility. Future clinical studies

should further evaluate the potential of ECPs in articular cartilage repair.



Chapter 3

Research Question

3.1 Background

The major drawback of current clinical treatments for articular cartilage such as ACI and

MACI is that they can only create fibrocartilage or a mixture of fibro- and hyaline carti-

lage (Brun et al., 2008; Oussedik et al., 2015). Fibrocartilage, in contrast to native hyaline

cartilage, presents inferior mechanical properties and therefore degrades much faster than

hyaline cartilage (Mankin, 1974). This is in agreement with the observation that pure hya-

line cartilage is correlated to good to excellent clinical results (mainly collagen type II)

compared to fibrocartilage (Peterson et al., 2000). For successful and long-lasting cartilage

regeneration, it would be essential to have a treatment that can create hyaline cartilage. It

was previously hypothesized that one possibility to engineer pure hyaline cartilage is the

production of scaffolds which mimic the mechanical properties and zonal structure of native

cartilage (Klein et al., 2009; Levett et al., 2014; Tatman et al., 2015). An attractive material

for the fabrication of those scaffolds would be decellularised articular cartilage that is able to

support chondrogenesis even without additional growth factors (Cheng et al., 2009, 2011;

Ghosh et al., 2018).

3.2 Objectives

This project aims at developing scaffolds based on decellularised articular cartilage with

tailorable mechanical properties that can induce zonal lineage commitment in chondro-

progenitors without the use of other stimuli. The mechanical properties of the scaffolds

should be adapted to match those of the cartilage zones and induce zone specific cell behavior.

The four specific aims to realize the overall goal are summarized in Figure 3.1.
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Figure 3.1 Objectives and specific aims.

3.2.1 Aim 1

As no reliable data for human tissues is available in the literature, the first aim is to measure the

mechanical properties of the zones in human articular cartilage by instrumented indentation

(chapter four). Histology will be used to carefully validate the quality of the human tissues,

which are derived from surgical procedures. The information of this study will later be

important to define the mechanical properties of the developed scaffold.

3.2.2 Aim 2

The second aim is the development of an alternative decellularisation technique for bovine

articular cartilage intending to overcome the limitations of existing complex and time-
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consuming protocols (chapter five). Common decellularisation protocols consist of lengthy

tissue-specific protocols combining chemical and physical methods which can negatively

influence the bioactivity of the decellularised tissue (Crapo et al., 2011). Thus, a novel

decellularisation technique based on supercritical carbon dioxide and a CO2-philic detergent

should be developed. Supercritical carbon dioxide has liquid-like density and gas-like

transport properties and could therefore enhance both diffusion and cell removal in articular

cartilage compared to existing decellularisation protocols (Schneider, 1978). Further, due

to its reported application as sterilization technique, supercritical carbon dioxide has the

potential to include decellularisation and sterilization in a single-step procedure (Bernhardt

et al., 2015).

3.2.3 Aim 3+4

The third aim is to fabricate porous scaffolds from the dense decellularised articular cartilage

with tailorable mechanical properties (chapter six). Enhancing the porosity of articular

cartilage is necessary to enable cell ingrowth. This is important for aim four, the seeding

with human chondro-progenitors, which should induce a zone-specific cell behavior in

the scaffolds without additional growth factors. Therefore, the mechanical properties of

the scaffold material will be adjusted by changing the digest and EDC/NHS crosslinker

concentrations. Implementing a scaffold based on decellularised cartilage with zone-specific

mechanical properties might lead to the formation of a more functional and hyaline-like

neotissue together with ACI and MACI treatments.





Chapter 4

Zonal Mechanical Properties of Human
Articular Cartilage

This chapter is based on the following publication: Antons, J., Marascio, M.G.M., Nohava,
J., Martin, R., Applegate, L.A., Bourban, P.E. and Pioletti, D.P., 2018. Zone-dependent
mechanical properties of human articular cartilage obtained by indentation measurements.
Journal of Materials Science: Materials in Medicine, 29(5), p.57. The first author contributed
to the writing of the manuscript, measurements and histological analysis.

4.1 Graphical Abstract

4.2 Abstract

Emerging 3D printing technology permits innovative approaches to manufacture cartilage

scaffolds associated with layer-by-layer mechanical property adaptation. However, infor-

mation about gradients of mechanical properties in human articular cartilage is limited.
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In this study, we quantified a zone-dependent change of local elastic modulus of human

femoral condyle cartilage by using an instrumented indentation technique. From the cartilage

superficial zone towards the calcified layer, a gradient of elastic modulus values between

0.020 ± 0.003 MPa and 6.44 ± 1.02 MPa was measured. To validate the tissue quality, the

histological tissue composition was visualized by glycosaminoglycan and collagen staining.

This work aims to introduce a new protocol to investigate the zone-dependent mechanical

properties of graded structures, such as human articular cartilage. From this knowledge,

better cartilage repair strategies could be tailored in the future.

Keywords: instrumented indentation, bioindentation, articular cartilage, mechanical

property gradient

4.3 Introduction

For functional tissue engineering, scaffolds should present appropriate mechanical strength

to support loading after implantation (Guilak et al., 2001) and therefore the mechanical

properties of the scaffold need to match the target tissue (Hutmacher, 2000). Fabrication

of such a scaffold can be complex because most tissues are not homogeneous and possess

varying mechanical properties throughout their structure. With the emerging 3D printing

technologies, such as biofabrication (Mouser et al., 2016; Visser et al., 2013; Zadpoor and

Malda, 2016), melt electrospinning writing (Brown et al., 2011, 2015; Dalton et al., 2008)

and fused deposition moulding (Chia and Wu, 2015; Zein et al., 2002), scaffolds could be

produced with local mechanical properties mimicking those of tissues to be replaced.

Articular cartilage is one of these inhomogeneous tissues in which mechanical properties

change steeply depending on tissue depth. The gradient of elastic modulus in cartilage is

caused by the variation of tissue composition (Jeon et al., 2010; Mow et al., 1991). Depending

on depth, four cartilage zones are distinguished (Temenoff and Mikos, 2000): a) superficial

zone (10-20%); b) middle zone (40-60%); c) deep zone (20-50%); and d) calcified zone

(schematic found in Fig. 4.1). The interface between deep zone and calcified zone is the

tidemark, whereas the interface between calcified zone and subchondral bone is called

cement line. The zones can be described as their proportion of the overall tissue depth in

percentage (Athanasiou et al., 2009).

The zones differ on the one hand by their composition with glycosaminoglycan (GAG)

and collagen (COL) content and on the other hand by collagen fiber orientation and cell

density (Kempson et al., 1968; Muir et al., 1970; Stockwell, 1967).
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Figure 4.1 Zonal structure and indentation protocol.

Although the mechanical properties of cartilage have been extensively studied, the ma-

jority of the studies focussed on the bulk properties measured from the top of the tissue

(i.e. (Armstrong and Mow, 1982; Laasanen et al., 2003; Mow et al., 1984)). Only a few

studies have characterized the local mechanical properties in the different zones of articular

cartilage (Ebenstein et al., 2011; Franke et al., 2007, 2011). In other studies different tech-

niques were used including atomic force microscopy (Tomkoria et al., 2004) or specialized

compression setups (Chen et al., 2001b) to determine the zonal properties. However, the

stress applied was averaged on full thickness specimens, producing only a partial estimation

of zonal cartilage mechanic response.

The scarcity of data on zonal mechanical properties in human cartilage could be explained

by the technical difficulty of these kinds of measurements. To overcome this difficulty,

nanoindenters exploiting a small tip to perform local indentations were adapted to measure

mechanical properties of soft materials (Eberwein et al., 2014; Swain et al., 2017). Compared

to atomic force microscopy, nanoindentation offers a quicker way to estimate the local
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mesoproperties (e.g. the local mechanical properties of the indented layer). This allows us

collecting a larger ensemble of measurements in a larger area, describing more efficiently the

zonal stiffness dependency.

The objective of the present study was to measure the zone-dependent elastic modulus of

human cartilage tissue with a newly developed instrumented indentation technique to provide

target values for future scaffold designs in tissue engineering. The meso-scale measurements

(every 100 μm) are within the resolution of modern 3D printers, which can then adapt the

scaffold properties layer-by-layer.

4.4 Materials and Methods

4.4.1 Human cartilage origin and preparation

Osteochondral plugs (diameter 8 mm) were harvested from the medial posterior femoral

condyle of six donors (Table 4.1).

Table 4.1 Human articular cartilage samples with donor’s age and osteoarthritis grade
(Collins grade).

Donor Age Sex Condition Collins grade (I-IV)

1 62 f osteoarthritis II

2 63 m osteoarthritis II

3 58 m osteoarthritis II

4 50 f osteoarthritis II

5 19 m osteochondritis dissecans -

6 20 m osteochondritis dissecans -

Tissues were obtained from the DAL/CHUV biobank (Lausanne), under anonymous

donation, in accordance with its regulation and approval by the Institutional Biobank. Donors

1-4 had an osteoarthritis severity grade II according to the Collins grade (Collins, 1949),

whereas donors 5-6 were young patients having osteochondritis dissecans. The osteoarthritis

stage and disease evaluations were performed by an experienced knee surgeon. Plugs were

taken from visually intact regions without damage from the surgical procedure. The cartilage

plugs were cut with a cutting guide using two parallel razor blades with an inter-blade distance

of 3 mm to obtain flat cartilage surfaces. The remaining tissue was used for histological

analysis. For the instrumented indentation measurements, the sample was glued onto a

35 mm petri dish with the cross-section facing the indenter using a small drop of instant

adhesive (Loctite 401, Henkel, Germany). Samples were frozen at -20°C and stored until
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further use. Before the measurement, the sample was thawed for 2 hours in phosphate

buffered saline solution at 22°C. The sample was completely immersed in saline solution

supplemented with 1% pentamycin/streptomycin to preserve hydration of the tissue and

to avoid degradation during the measurements. Under these conditions it was previously

demonstrated that the mechanical properties of articular cartilage are not influenced by one

freeze/ thaw cycle (Szarko et al., 2010).

4.4.2 Indentation measurements

The indentation tests were performed by a specifically developed indenter (Bioindenter™,

Anton Paar, Peseux, Switzerland). This indenter was adapted to measure the mechanical

properties of soft materials. All indentation tests were implemented in displacement control

mode using a spherical indenter tip (diameter 500 μm) made of ruby. The maximum depth

of 20 μm was attained at a displacement rate of 120 μm/min. The loading was followed by a

30 s hold-time and 120 μm/min unloading rate leading to a relaxation response (Fig. 4.2).

Figure 4.2 Example of indentation measurement. Indentation was performed on donor 4,

Indentation 17.

The final objective of such measurements is to reproduce the progressive stiffening by

additive manufacturing (AM). In particular, Fused Deposition Modelling / Fused Filament

Fabrication (FDM/FFF) was selected as method of choice among the AM technologies. By
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FDM/FFF, features up to 50-200 μm can be reproduced in z-direction (Wang et al., 2017b).

Therefore, an indentation pace of 100 μm was defined to match the manufacturing limits.

The first indentation was performed 100 μm from the superficial zone towards the bone as

indicated in Fig. 4.1. Subsequently, a line consisting of 11-40 indentations, spaced by 100

μm was performed on cross-sectioned cartilage towards the bone. Three parallel indentation

lines with a gap of 800 μm were measured. A typical indentation measurement on articular

cartilage is illustrated in Fig. 4.2. The relaxation behaviour of articular cartilage during the

30 s hold-time is shown in Fig. 4.3.

Figure 4.3 Relaxation response of human femoral condyle cartilage. Example of inden-

tation at 120 μm/s loading rate, 30 s hold and 120 μm/s unloading rate.

The elastic modulus was calculated according to Hertz’s model for contact of a sphere

with a flat surface by fitting the loading curve (Fig. 4.4) by Eq. 4.1 (modified from (Last et al.,

2009)):

F =
4

3
×Er

√
R× (ho f f set)

3
2 (4.1)

In Eq. 4.1 h is the indentation depth, R is the radius of the indenter, Er is the reduced

elastic modulus and F is the maximum load during the indentation. The ho f f set accounts

for the initial establishment of “soft” contact that resulted from small local irregularities

(unevenness) of the surface. An example of this initial phase of contact establishment is

shown in Fig. 4.4.
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Figure 4.4 Two indentation curves of the initial phase of contact without and with offset
to correct for tissue surface irregularities.

Since this initial phase of contact is not representing the properties of the cartilage tissue,

it was decided to fit the loading portion of the indentation curve after the correction ho f f set .

Ho f f set is the distance required by the indenter to establish reliable “soft” contact and can be

indicated by rapid increase in the force-distance curve.

Linearized fit of the loading portion of the indentation curve was done using Eq. 4.1

with proprietary Indentation software (Anton Paar, Indentation V7.3.9, Peseux, Switzerland),

where ho f f set is representing the initial phase of ‘soft’ contact (i.e. not representing the tested

tissue).

4.4.3 Relative depth

The relative depth of the cartilage was determined by normalizing the cartilage thickness of

the sample to the indentation point. The start of the cartilage superficial layer is 0% and the

start of the tidemark is 100%. The cartilage thickness was measured from the histological

section at five randomly chosen points from the cartilage surface to the tidemark with Image

J (version 1.48v) and subsequently averaged. Zones are defined according to their relative

proportion as stated in the literature (Athanasiou et al., 2009). The superficial zone has a

relative proportion between 10-20%, the middle zone with 40-60% and the deep zone at
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20-50%. The precise localization of the cartilage zones is therefore challenging and the

indication in Fig. 4.5 serves as an estimate.

4.4.4 Histology

The samples were fixed in 4% paraformaldehyde at 22°C overnight. Thereafter, the bone

was decalcified by a solution consisting of 20% Tri-sodium citrate in acetic acid for 48

hours at 22°C. This was followed by dehydration in ethanol and embedding into paraffin

following standard histological protocols. Sections with a thickness of 5 μm were cut with a

microtome and stained for standard Hematoxylin and Eosin (H&E) , for sulphated GAGs

with Alcian Blue staining (Sigma-Aldrich, Buchs, Switzerland) and for COL with Picrosirius

Red staining (Sigma-Aldrich, Buchs, Switzerland). The histological sections were analysed

with a Leica DM5500 (Wetzlar, Germany) microscope. A tile scan for measurements and

images was performed with the 5x magnification including an automatic stitching of the

images. The close up image was taken at 20x magnification.

4.4.5 Quantification of histology sections

The cell count was determined by acquiring images in 10 randomly selected regions of each

sample in 20x magnification (539.35 x 404.51 μm), counting the cells manually supported

by ImageJ (version 1.48v) and its plugin CellCounter.

4.5 Results

4.5.1 Indentation measurements

In all cartilage samples, the indentation measurements highlighted a gradient of elastic

modulus with an increase of values from 0.020 ± 0.003 MPa at the cartilage superficial zone

to 6.44 ± 1.02 MPa at the calcified layer (Fig. 4.5). The gradient intensity deviated between

the six donors, but showed the same common tendency.

All samples were normalized to their relative depth (distance between cartilage superficial

layer and tidemark) to account for different thicknesses. Donor one and three were not

measured up to the tidemark due to a fixed number of indentations in the indentation

protocol.
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Table 4.2 Quantification of histological staining.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Thickness (μm) 2512.80 ± 1966.40 ± 2593.00 ± 1484.00 ± 2686.00 ± 3624.40 ±

48.29 58.3 74.64 75.23 65.34 164.11

Cell count 36.90 ± 47.20 ± 40.20 ± 44.70 ± 32.70 ± 26.77 ±

5.41 10.51 10.02 11.19 7.53 9.27

4.5.2 Histological evaluation

The cell distribution and cell shape in the human cartilage tissue visually corresponded

to healthy cartilage and thus confirmed the quality within the harvesting site (Fig. 4.6 A).

The intensity of Alcian Blue (AB) staining and thus the GAG content increased with depth

from the cartilage superficial layer towards the tidemark (Fig. 4.6 B). A low intensity (L)

AB staining was observed at the cartilage surface, whereas towards the calcified layer the

staining intensity increased (H). The GAG content was in general lower in the superficial

zone, increased with depth in the middle layer and decreased in the deep layer towards the

tidemark. High GAG content was additionally visible in close contact to the chondrocytes

themselves (Fig. 4.6 F), interpreted as continuous GAG synthesis of intact chondrocytes

in the osteoarthritis affected cartilage. In Picrosirius Red staining (SR), the staining for

collagen, the trend was inversed indicating a high (H) intensity staining at the surface and

lower intensity (L) towards the calcified layer. For SR the staining intensity was high at

the surface and decreased towards the calcified layer (Fig. 4.6 C). Concerning the collagen

content, the superficial layer showed a mild fibrillation and degeneration of collagen fibres

(Fig. 4.6 G), but a stable portion of the cartilage matrix in the middle layer and a decrease

in the deep layer towards the tidemark. The collagen fiber orientation was visualized under

polarized light. The parallel orientation of the collagen fibers in the superficial layer was

evidenced by the different color under polarized light (Fig. 4.6 D,H). Moreover, the thickness

of the articular cartilage layer and cell count was measured (Table 4.2). The average cell

count was very similar for all samples ranging from 32.70 ± 7.53 to 47.2 ± 10.51 cells. The

thickness of the articular cartilage ranged from 1484.00 ± 75.23 μm to 3624.40 ± 164.11

μm between patients.

4.6 Discussion

Only a few studies have characterized the mechanical properties in the different zones of

articular cartilage and most of these studies focus on animal samples (Chen et al., 2001b;
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Tomkoria et al., 2004). In addition, the limitations in previous studies are pre-treatments of

the samples by paraformaldehyde (fixation), ethanol (dehydration) or embedding (PMMA)

before the measurement (Campbell et al., 2012; Gupta et al., 2005). These pre-treatments

change the mechanical properties of the samples. The novelty of the present work is the

zonal measurement of six human articular cartilage samples by instrumented indentation

in wet condition without any pre-treatment. The measured local elastic modulus was then

compared to the local tissue composition obtained by histological staining.

We successfully measured zonal elastic modulus of human femoral condyle cartilage

using nanoindentation and found that elastic modulus increased with depth. This work

compares well to previous work of other studies where the zonal properties of human

articular cartilage were inferred from bulk compression measurements (Chen et al., 2001b).

Indeed, in this mentioned study, an increasing gradient of elastic modulus with increasing

depth was also found. Moreover, although their measurements were performed on the

cartilage of the femoral head, the range of elastic modulus was comparable to our results.

They reported an equilibrium confined compression modulus between 1.16 ± 0.20 MPa in the

cartilage superficial layer to 7.75 ± 1.45 MPa in the deep layer while we measured between

0.020 ± 0.003 MPa and 6.44 ± 1.02 MPa from cartilage superficial zone towards the calcified

layer by nanoindentation. Even though our measurements were performed on the cartilage

cross-section we hypothesize that the elastic modulus should be very similar to measurements

from the top. Our hypothesis is based on a previous study which discovered that measuring

local mechanical properties by atomic force microscopy from the cross-section or the top

of porcine articular cartilage samples made a difference of up to 20% in elastic modulus

(superficial: 20% lower, middle: 14% lower, deep: no difference) (McLeod et al., 2013). In

contrast to our study, they observed a decreasing elastic modulus towards the deeper zones

of articular cartilage. This could be due to the different length scale in which they measured

since indentations were performed with a diameter of 5 μm tip in small regions of 20 μm x

20 μm, whereas our measurements were in the meso-scale performed with 500 μm diameter

tip and 100 μm distance between indentations. Another reason for the gradient difference

could be that they measured on porcine instead of human articular cartilage.

To validate the quality of the human cartilage tissue, we assessed the zone-dependent

GAG and COL content by histochemical analysis (Fig. 4.6) (Alcian Blue and Picrosirius

Red). The GAG and COL content of the samples changed according to depth. The collagen

portion of the matrix remained stable in all samples while the GAG content varied from low

in the superficial layer to high in the middle layer and lowered again towards the calcified

layer.
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The collagen fibers are responsible for the tensile properties of cartilage (Kempson et al.,

1968) and have shown to only have little effect on the compressive properties. Nevertheless,

it has been demonstrated that collagen fibers could indicate tissue quality and onset of

osteoarthritis (Hollander et al., 1995). Since we have observed a mild fibrillation of collagen

in the superficial layer, this might indicate a degeneration in the samples, but mostly in the

superficial layer.

We observed that GAG content increased from the superficial zone towards the middle

zone and diminished between middle and deep zone, whereas at the same time elastic

modulus increased from the superficial zone towards the subchondral bone. The increase

in elastic modulus between middle and deep zone was thus not solely caused by the GAG

content. We assume that the elastic modulus increase in the deep zone might have been

due to a higher collagen content and collagen fiber diameter in the deep zone (Muir et al.,

1970). The same assumption for the deep layer of articular cartilage has already been made

in another study in which zonal mechanical properties were measured (Chen et al., 2001b).

In general, special care should be taken when measuring heterogeneous materials with

significant modulus heterogeneity with indentation (such as at the cartilage-bone interface).

It has previously been demonstrated that in the case of a significant material heterogeneity

the indenter size should be less than 10% of the expected length scale of modulus changes in

order to obtain correct results (Armitage and Oyen, 2017). The measurements in the present

work were focussed on the articular cartilage zones and not on the subchondral bone. Thus,

the criterion of having an indenter size of less than 10% of the expected length scale of

modulus does not necessarily have to be followed for our measurements since a difference in

the order of 2 in magnitude of elastic modulus is not given.

Even though the mechanical gradient was comparable to existing measurements, some

aspects and limitations of the technique used here should be considered. Due to its nature of

testing relatively small areas (around 200 μm diameter) instrumented indentation is quite

sensitive to local differences and hence to sample degradation, sample preparation, and the

surrounding environment. An approximation of the area involved in the indentation response

can be done via contact radius. For elastic spherical indentation the contact radius a is ≈Rh

where R is the radius of the indenter and h is the indentation depth. For this study this

corresponds to a contact radius of ≈100 μm. We chose a contact area of 100 μm and a space

between indentation points of 100 μm to get a full coverage of all zones and a maximum

of information about the zonal properties. We assume that the cartilage deformation is

only elastic (i.e. it fully recovers after unloading) as we found very similar results when

performing two consecutive measurements on the same spot.
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The measurement of the superficial zone is particularly challenging since the indentation

is near the edge and edge-effects could introduce artifacts into the measurements (Jakes et al.,

2009; Jakes and Stone, 2011). This can be partially overcome by indentation from the top

surface. However, indenting from the top surface would only help measuring the local bulk

properties of the tissue (e.g. the average properties of all the layers). Separate measurements

of previously dissected layers should be difficult, because according to the Mow model (Mow

et al., 1989), the measured cartilage properties are dependent on the cartilage thickness and

the underlying substrate. The local character of the instrumented indentation method used

in this work might explain the standard deviation for the measurements in supplemental

data (Fig. 4.7). For each patient three indentation lines were performed and averaged. These

parallel lines were spaced by 800 μm. It is possible that the chosen distance between the

indentation lines was too large and the elastic modulus in the adjacent lines already changed

due to different structure or composition. For a better comparison between samples we

normalized the depth to the distance between cartilage surface layer and calcified layer.

Unfortunately, not all samples were measured up to the calcified layer. This was due to the

fixed indentation procedure which did not account for different thicknesses of the cartilage.

However, the same common trend (i.e. increase of elastic modulus towards the bone) can be

observed in all samples. The sample degradation, the age of the donor, the disease state or

the site in which the sample was harvested could also influence the measurement. Although

we took care to include only visually intact cartilage in this study, it is virtually impossible to

exclude degradation of the microstructure especially on the surface. It was also difficult to

harvest the samples from precisely the same region of the femoral condyle. This was caused

by the degeneration state of the tissue and the surgical procedure which left regions damaged

by cuts and burns. In addition to the aforementioned issues, it was technically difficult to

measure the sample in precise depths from the top surface, which led us to measure the

sample from the cross-section.

Instrumented indentation would enable engineers to obtain local mechanical data about

their target tissue to better match the properties of their scaffold design to the target tissue.

The local elastic modulus of human femoral condyle articular cartilage measured in this work

could thus be useful to provide target values for future scaffold designs. The values can be

registered in a 3D printer which adapts the scaffold properties layer-by-layer. This approach

would not only be limited to articular cartilage, but has the potential to improve the scaffold

design for several organs that possess defined local mechanical properties.
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Figure 4.5 Depth-dependent elastic modulus of human femoral condyle cartilage. The

relative depth corresponds to the distance between the superficial layer (0%) and subchondral

bone (100%) and was normalized for each sample. Donor 1 and 3 were not measured to

100% since the fixed number of indentations did not reach to the bone. Donor 2 was not

considered for elastic modulus values, but kept to show gradient; n=3; standard deviation

was omitted to visualize trend (displayed in supplementary Fig. 4.7).
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Figure 4.6 Histological sections of human femoral condyle articular cartilage. A+E.

Hematoxylin and Eosin (H&E) staining to visualize tissue morphology; B+F. Alcian Blue

(AB) to stain sulphated GAG content; C+G. Picrosirius Red (SR) to stain collagen; D+H.

SR under polarized light to visualize COL fiber orientation; low (L) and high (H) staining

intensity; G. surface area with lose collagen (degeneration) (∗). Dashed lines indicate

different cartilage zones; A+B+C+D, 5 x magnification, scale bar: 400 μm; E+F+G+H 20x

magnification, scale bar: 100 μm. Images acquired with a Leica DM5500; sections were

taken from patient 3.
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Figure 4.7 Zone-dependent elastic modulus of human femoral condyle cartilage. The

relative depth corresponds to the distance between the superficial layer (0%) and bone (100%)

and was normalized to the thickness of each sample; Donor 1 and 3 were not measured up to

100% since the fixed number of indentations did not reach completely to the bone; n=3.



Chapter 5

Decellularised Tissues obtained by a
CO2-philic Detergent and Supercritical
CO2

This chapter is based on the following publication: Antons, J., Marascio, M.G.M., Aeberhard,
P., Weissenberger, G., Hirt-Burri, N., Applegate, L.A., Bourban, P.E. and Pioletti, D.P., 2018.
Decellularised tissues obtained by a CO2-philic detergent and supercritical CO2. European
cells & materials, 36, pp.81-95. The first author contributed to the writing of the manuscript,
development of the decellularisation protocol and experimental design.

5.1 Graphical Abstract

5.2 Abstract

Tissue decellularisation has gained much attention in regenerative medicine as an alternative

to synthetic materials. In decellularised tissues, biological cues can be maintained and
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provide cellular environments still unmet by synthetic materials. Supercritical CO2 (scCO2)

has recently emerged as a promising alternative decellularisation technique to aggressive de-

tergents; in addition, scCO2 provides innate sterilisation. However, to date, decellularisation

with scCO2 is limited to only a few tissue types with low cellular density.

In the current study, a scCO2 technique to decellularise high density tissues, including

articular cartilage, tendon and skin, was developed. Results showed that most of the cellular

material was removed, while the sample structure and biocompatibility was preserved. The

DNA content was reduced in cartilage, tendon and skin as compared to the native tissue. The

treatment did not affect the initial tendon elastic modulus [reduced from 126.35±9.79 MPa

to 113.48±8.48 MPa (p > 0.05)], while it reduced the cartilage one [from 12.06±2.14 MPa

to 1.17±0.34 MPa (p < 0.0001)]. Interestingly, cell adhesion molecules such as fibronectin

and laminin were still present in the tissues after decellularisation. Bovine chondrocytes

were metabolically active and adhered to the surface of all decellularised tissues after 1 week

of cell culture. The developed method has the potential to become a cost-effective, one-step

procedure for the decellularisation of dense tissues.

Keywords: Decellularisation, supercritical carbon dioxide, extracellular matrix, articular

cartilage, tendon, skin

5.3 Introduction

Decellularised tissue matrices closely mimic their 3D native structures and, thus, have a

substantial advantage when compared to synthetic materials. The potential of decellularised

matrices is well recognised for the replacement of different tissue types (Badylak et al., 2011;

Caione et al., 2012; Macchiarini et al., 2008; Patton et al., 2007). Remarkable success is

demonstrated in in vitro experiments in which the tissue function of porcine heart (Ott et al.,

2008; Wainwright et al., 2010), rat and human kidney (Song et al., 2013) and rat lung (Ott

et al., 2010; Petersen et al., 2010) can partly be restored after recellularisation of previously

decellularised tissues. Moreover,decellularsed matrices are attractive scaffolds for the repair

of tendons (Nourissat et al., 2015; Raghavan et al., 2012; Xu et al., 2017).

A tissue is considered as decellularised if no visible nuclei remain, less than 50 ng

double-stranded DNA per mg extracellular matrix (ECM) dry weight is detected and the

DNA fragment length is less than 200 bp (Crapo et al., 2011). Decellularised matrices are

produced by a multistep tissue-specific decellularisation process including lysis of the cell

membranes, separation of the cellular components from the ECM, solubilisation of the

cytoplasmic and nuclear components and removal of the cellular debris (Aubin et al., 2013).
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However, this decellularisation process is time-consuming and can compromise the structure

and mechanical properties of the tissue (Crapo et al., 2011).

One of the currently most effective decellularisation methods uses perfusion of detergents,

such as sodium dodecyl sulphate (SDS), to facilitate removal of cellular material (Ott et al.,

2010, 2008; Petersen et al., 2010; Uygun et al., 2010; Wainwright et al., 2010). However, this

is limited to vascularised tissues. To decellularise denser tissues, e.g. articular cartilage, many

steps, such as freeze-thaw, osmotic shock and enzymatic treatment, are required to make the

ECM accessible to decellularisation agents. One of the reasons for the long procedure is that

this process still relies on the relatively slow diffusion of detergents inside non- or poorly

vascularised tissues. Consequently, traces of these detergents might remain inside the tissue

and may cause cytotoxicity and adverse effects (Ott et al., 2008). Moreover, at the end of the

treatment, the decellularised tissues still have to be sterilised, thus introducing an additional

step in the protocol. Sterilisation can be achieved by soaking the decellularised tissues in

acids or alcohols (Hodde and Hiles, 2002), ethylene oxide, gamma irradiation (Freytes et al.,

2008) or other methods that can further alter the ECM and its mechanical properties (Freytes

et al., 2008; Rosario et al., 2008; Sun and Leung, 2008).

One possibility for integrating both sterilisation and decellularisation in one step while

simultaneously overcoming diffusion limitations would be the use of a supercritical fluid

as a rinsing agent. A supercritical fluid is a substance at a temperature and pressure higher

than its critical point, in which liquid and gas phases cannot be distinguished. Supercritical

fluids can diffuse through solids as a gas and dissolve substances as a liquid. This unique

behaviour could potentially widely reduce decellularisation time by enhancing the diffusion

kinetics. A suitable supercritical fluid for decellularisation is supercritical carbon dioxide

(scCO2) since its supercritical point is reached at relatively mild conditions (7.2 MPa/37 °C).

Furthermore, scCO2 can sterilise the sample, having a minor to negligible influence on the

tissue structure (Bernhardt et al., 2015). Nevertheless, scCO2 itself is apolar, thus, the addition

of an entrainer, e.g. ethanol, is necessary to eliminate or counteract charged molecules such

as phospholipids (Dunford and Temelli, 1995; Montanari et al., 1999; Tanaka et al., 2004).

Using scCO2 with ethanol already provides successful decellularisation for aorta, cornea,

oesophagus and adipose tissues (Casali et al., 2018; Guler et al., 2017; Halfwerk et al., 2018;

Huang et al., 2017; Sawada et al., 2008; Wang et al., 2017a; Zambon et al., 2016). However,

when dealing with denser tissues, ethanol does not have the required counteractive solvent

strength. Instead of ethanol, CO2-philic detergents, such as the commercially available and

low-cost Dehypon® LS-54 (BASF, Ludwigshafen, Germany), could provide the required

solvent strength. LS-54 can dissolve bio-macromolecules within scCO2 and has a solvability

as high as 4 weight % due to its four CO2-philic propylene oxide groups (Liu et al., 2002).
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This study hypothesis was that the detergent LS- 54, in combination with scCO2 , might

be beneficial for decellularisation of dense tissues. Thus, the purpose of the study was

to determine whether the treatment of high density tissues, including articular cartilage,

tendon and skin, with a CO2-philic detergent and a rinsing step in scCO2 might create a

decellularised tissue showing: (i) effective removal of immunological material (visual cell

nuclei and DNA), (ii) mechanical and structural properties in the range of the native tissues

(control) and (iii) the ability to support cellular growth.

5.4 Materials and Methods

Each of the tissues was treated according to the decellularisation procedure summarised in

Fig. 5.1. The tissue-specific protocol and all characterisation techniques are detailed in this

section. All products used in the experiments were purchased from Sigma-Aldrich (Buchs,

Switzerland) unless mentioned otherwise.

5.4.1 Pre-treatment

Cartilage

Bovine articular cartilage was obtained from a local slaughterhouse and immediately pro-

cessed on ice to avoid degradation. The cartilage was carefully harvested from the femoral

condyles using an 8 mm biopsy punch and a scalpel to create a cylindrical shape. The

bone-facing part of the cartilage was removed with a razor blade and a custom-made guide,

leaving a uniform 3 mm-thick cylindrical sample. Afterwards, the cartilage cylinders were

thoroughly rinsed in phosphate-buffered saline (PBS), dried with a paper towel and stored

at - 80 °C until further use. As the first tests revealed that it was impossible to completely

decellularise cartilage and skin with scCO2 and detergent only in the autoclave available for

the study, additional pre-treatment steps were introduced.

The pre-treatment of cartilage consisted of several steps (Fig. 5.1). First, 6 freeze-thaw

cycles at - 80 °C for 2 h (including the initial storage at - 80 °C) and, then, at 37 °C for 1

h were performed. Next, the samples were treated with 0.05% trypsin-EDTA (25300062;

Life Technologies) at 37 °C for 24 h. Subsequently, the samples were exposed to an osmotic

shock by placing them in hypertonic buffer solution (1.5 M NaCl in 10 mM Tris-HCL, pH

8) for 4 h followed by a hypotonic solution (10 mM Tris-HCL, pH 7.6) for 20 h. Then, the

cartilage was immediately treated according to the section “scCO2 treatment”.
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Figure 5.1 Scheme of the decellularisation procedure.

Tendons

Horse superficial digital flexor tendons were purchased from a local slaughterhouse and

processed frozen, to avoid degradation, into 2 mm-thick slices using a diamond band saw

(Exakt Technologies, Oklahoma City, Oklahoma, USA). Then, tendons were dried with a

paper towel and stored at - 80 °C until further use.
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Skin

Human skin was obtained from the DAL/CHUV biobank (Lausanne, Switzerland), under

anonymous donation, in accordance with its regulation and approval by the Institutional

Biobank (Lausanne, Switzerland). The human skin was immediately cut into pieces of

approximately 15 × 15 mm, dried with a paper towel and stored at - 80 °C until further use.

To start the decellularisation procedure, skin was pre-treated with 1 M NaCl for 24 h prior

to careful removal of the epidermis with forceps. Then, the skin was immediately treated

according to the section “scCO2 treatment”.

5.4.2 Treatment

scCO2 treatment

Based on the protocols described by others (Guler et al., 2017; Huang et al., 2017; Sawada

et al., 2008; Wang et al., 2017a) , scCO2 was used to eliminate cellular components from

the tissues (Fig. 5.1). A modification of these protocols was carried out by pre-saturating

the tissues in a CO2-philic detergent instead of using ethanol as entrainer to add polarity to

CO2. Briefly, all tissues were washed for 24 h in a solution of 2% LS-54 (Dehypon®, BASF,

Ludwigshafen, Germany) under vigorous shaking at 37 °C. Then, the detergent- saturated

tissues were individually sealed inside sterilisation bags (Medline Industries, Northfield,

Illinois, USA) and placed in an autoclave (SITEC AG, Maur, Switzerland) for 1 h. 99.9%

pure CO2 was introduced into the pressure vessel (volume of vessel: 4 L), then, pressure was

increased to 25 MPa using a high-pressure pump. The temperature was adjusted to 37 °C,

but the temperature fluctuated between 31-37 °C due to an imprecise temperature controller,

which was conceived for higher temperatures (up to 350 °C). Later, the pressure vessel was

rapidly depressurised using a manual valve at a depressurisation rate of approximately ≈ 10

MPa/ min. To remove residual detergent, the samples were washed in PBS under vigorous

agitation for 24 h while changing the PBS every 8 h.

5.4.3 Biological Characterization

Histology and immunohistochemistry

To qualitatively assess the removal of cellular material and ECM components, histological

sections of native (control) and decellularised tissues (cartilage: cECM; tendon: tECM;

skin: sECM) were compared. Briefly, all samples were fixed in 4% paraformaldehyde and

dehydrated in a graded series of ethanol. Samples were embedded in paraffin, sectioned with
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a microtome to a thickness of 5 μm and stained following standard histology protocols. To

stain and visualise any possible remaining cell nuclei, a haematoxylin and eosin dye (H&E)

and 4,6-diamidino-2-phenylindole (DAPI) staining was used. Glycosaminoglycans (GAG)

and collagen (COL) were visualised with alcian blue and picrosirius red dyes, respectively.

To evaluate the preservation of cell adhesion molecules after decellularisation, immuno-

histochemistry for fibronectin and laminin was performed. Briefly, 5 μm sections of paraffin-

embedded samples were de-paraffinised, rehydrated in PBS and permeabilised with a solution

of 0.25% Tween-20 in PBS for 10 min. To expose the ECM molecule’s epitopes, samples

were digested for 10 min at 37 °C with 4 mg/mL pepsin in 0.01 M HCl. Fibronectin was

detected by immunofluorescence, whereas laminin was detected by a peroxidase reaction.

Thus, to detect laminin, an additional step to block endogenous peroxidases by Bloxall solu-

tion for 10 min was introduced (Bloxall, SP-6000, Vectorlabs, Burlingame, California, USA).

To block non-specific antigens, sections prepared for both fibronectin and laminin labelling

were treated with 1% bovine serum albumin solution in PBS at room temperature for 30 min.

Laminin was detected by a peroxidase reaction using a polyclonal primary antibody against

laminin (1 : 200; L9393) overnight at 4 °C. This was followed by incubation with one drop

per section of the horseradish peroxidase (HRP) labelled secondary goat anti-rabbit antibody

(ImmPRESS™ HRP anti- rabbit, MP-7401, Vectorlabs). Subsequently, laminin was detected

by adding ImmPACT DAB peroxidase (HRP) substrate (SK-4105, Vectorlabs).

Fibronectin was detected by immunofluorescence by using a monoclonal primary an-

tibody against fibronectin (1 : 200; 610077, BD Biosciences) overnight at 4 °C. This was

followed by incubation with Alexa Fluor 568 labelled secondary donkey anti-mouse antibody

(1 : 100; A10037, Invitrogen) at ambient temperature for 2 h. Tissue sections were examined

under a widefield microscope (DM 5500, Leica) (n = 3 for control and LS-54).

DNA quantification

To assess total DNA content, samples were dried overnight in an oven at 65 °C and the dry

weight was recorded. Then, the samples were thoroughly digested in papain buffer [100 mM

Na2HPO4 , 100 mM ethylenediaminetetraacetic acid (EDTA), 10 mM cysteine-HCl, 250 μg

papain/mL, pH 6.5] at 65 °C under agitation at 750 rpm overnight or until no visible tissue

material remained. The resulting digest was purified by phenol : chloroform : isoamylalcohol

(25 : 24 : 1, v/v). The aqueous phase was ethanol- precipitated on ice for 30 min. After

centrifugation (16,000 ×g, 10 min, 4 °C), the DNA pellet was washed and reconstituted

in nuclease-free water. Subsequently, the DNA content was quantified using a NanoDrop

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Each sample condition

(control and LS-54) was measured in quadruplicate.
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GAG quantification

Sulphated GAGs were quantified by 1,9-dimethylmethylene blue dye (DMMB) assay. Chon-

droitin sulphate dilutions from 0 to 100 μg were used to create a standard curve. 100 μL

per well of papain-digested tissues at 6 mg dry tissue/ mL were pipetted into a 96-well

plate in triplicates. Then, the absorbance was measured on a microplate reader (Wallac

1420 Victor2, PerkinElmer) at a wavelength of 595 nm. Afterwards, chondroitin sulphate

concentrations were plotted against absorbance creating a standard curve to determine the

GAG concentration in the tissue samples. Each sample condition (control and LS-54) was

measured in triplicate.

5.4.4 Mechanical and Structural Characterization

Scanning Electron Microscopy (SEM)

To compare the ultrastructure of the tissue before and after the decellularisation treatment,

SEM images were acquired. First, the tissues were fixed for 1 h with 1.25% glutaraldehyde

and 1% tannic acid in a 0.1 M phosphate buffer, pH 7.4. Then, they were washed in PBS

and fixed again in 1.0% osmium tetroxide in PBS for 30 min. Next, tissues were dehydrated

in a graded alcohol series followed by critical point drying (CPD300, Leica Microsystems).

Subsequently, the samples were coated with a 4 nm- thick layer of osmium using an osmium

plasma coater (OPC60, Filgen, Japan). SEM sample preparation and imaging were performed

at the EPFL BioEM facility, Lausanne, Switzerland. Images were acquired on a scanning

electron microscope (Merlin SEM, Zeiss) at two magnifications, 5,000× and 43,800×, with

an accelerating voltage of 1.5 and 1.2 kV, respectively. Articular cartilage was imaged from

the superficial layer (top view), tendons from the top and skin from the cross-section. Each

sample condition (control and LS-54) was imaged in triplicate.

Compression and Tension Tests: Cartilage

To assess the difference in elastic modulus between native (control) and decellularised

samples (cECM), an unconfined compression test was performed on a uniaxial test system

(Instron E3000, Norwood, Massachusetts, USA; load cell: 3 kN). Briefly, each cartilage

cylinder (8 mm diameter, 3 mm height) was compressed to 20% strain at a compression

rate of 200 μm/s. The elastic modulus was determined from the stress-strain curve between

5 and 15 % of strain. The control cartilage was taken from the - 80 °C freezer prior to

the compression test and equilibrated to ambient temperature in PBS for 4 h. Each sample

condition (control and LS-54) was measured in quadruplicate.
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Compression and Tension Tests: Tendon

Biomechanical testing of tendons was performed on a uniaxial test system (Instron E3000,

Norwood, Massachusetts, USA; load cell: 3 kN). The samples (2 mm thickness, 50 mm

length, 12 mm width) were placed between two standard tensile test clamps: one portion was

attached to the upper clamp and the other end to the lower clamp with an initial tendon free

length of 20 mm. An elongation rate of 0.1 mm/s was applied. The control tendon was taken

from the - 80 °C freezer prior to the tension test and equilibrated to ambient temperature in

PBS for 4 h. Each sample condition (control and LS-54) was measured in quadruplicate.

Compression and Tension Tests: Skin

Skin was not mechanically characterised due to its limited load-bearing function.

Biocompatibility

Zone of inhibition assay
To evaluate the biocompatibily of the decellularised tissues, a Zone of Inhibition (ZoI)

assay was performed. Thus, the decellularised samples were tightly fixed into a 35 mm cell

culture dish using a custom-made stainless-steel clamp. The size of the samples were 8 mm

diameter and 3 mm depth for the cartilage plugs, 15 × 12 × 2 mm for tendon and 15 × 15 × 2

mm for skin. The bovine chondrocytes used for the biocompatibility tests were previously

extracted from fresh bovine articular cartilage tissue using collagenase extraction. Briefly,

the cell extraction was conducted for 24 h with 0.6% collagenase II (Life Technologies) in

Dulbecco’s modified Eagle’s medium (DMEM) in a humidified atmosphere at 37 °C and 5%

CO2. Subsequently, DMEM (10 % foetal bovine serum, 2 mM L-glutamine, 100 units/mL

penicillin-streptomycin) containing 300,000 bovine chondrocytes (passage 5) was added to

the cell culture dish. The cells were cultured in a humidified atmosphere at 37 °C and 5

% CO2 until full confluence (i.e. 100%) was reached. A Giemsa dye was applied to stain

and visualise the chondrocytes surrounding the material and any possible ZoI. Microscopy

images for the Giemsa staining were acquired by a Leica DM5500 microscope and overview

images were taken by an Iphone 5s (Apple). Each sample condition (control and scCO2

/LS-54) was tested in triplicate.

Cell viability
To determine the cell viability, a PrestoBlue™ assay (PrestoBlue™, A13261, Life Technolo-

gies) was performed at day 1 and day 7 following the manufacturer’s instructions. Briefly,

1 million bovine chondrocytes (passage 5) in 50 μL DMEM were evenly pipetted on top

of the tissues and left to attach for 1 h in a humidified atmosphere at 37 °C and 5% CO2.
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Then, DMEM was added to fully immerse the sample. The medium was changed every other

day and at day 1 and day 7 a PrestoBlue™ assay was performed. Therefore, a 10% mixture

of PrestoBlue™ reagent in DMEM was prepared and added to the chondrocytes. After 2 h

incubation time, 100 μL supernatant per well was distributed in triplicate in a black 96-well

plate. Then, the fluorescence at 595 nm was measured using a microplate reader (Wallac

1420 Victor2, PerkinElmer).

To visualise metabolically active cells on the acellular tissues, a MTT assay (MTT,

M6494, Thermo Fisher Scientific) was carried out following the manufacturer’s protocol.

Thus, 1 million bovine chondrocytes (passage 5) in 50 μL DMEM were evenly pipetted on

top of the tissues and left to attach for 1 h in a humidified atmosphere at 37 °C and 5% CO2 .

Then, DMEM was carefully added to fully immerse the tissues. The medium was changed

every other day. At day 7, a MTT assay was performed for 4 h at 37 °C in a humidified

atmosphere containing 5 % CO2 using a 10 % mixture of MTT reagent and DMEM. Next,

cell penetration was evaluated by histology, following fixing in 4% paraformaldehyde and

embedding in paraffin. 5 μm-thick sections of the tissues were prepared by a microtome and

stained by H&E to visualise cell penetration by staining of cell nuclei. Microscopy images

for the MTT assay and cell penetration were acquired by a Leica DM5500 microscope and

the overview images were taken by an Iphone 5s (Apple). Each sample condition (control

and scCO2/LS-54) was tested in triplicate.

5.4.5 Statistics

Statistical analysis was performed using GraphPad Prism (La Jolla, CA, USA) software.

Means and standard errors were provided for DNA, GAG quantification and mechanical

properties. An unpaired two-tailed student’s t-test was used to compare differences between

native (control) and decellularised tissues (cECM, tECM, sECM). p ≤ 0.05 was considered

statistically significant.

5.5 Results

5.5.1 Biological Characterization

Histology
H&E staining showed complete visual removal of cell nuclei in articular cartilage, tendon

and skin, whereas trace amounts of broken cell nuclei were detected by DAPI staining

(Fig. 5.2 a-c). Picrosirius Red staining (SR) showed the conservation of collagen (COL), with
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Figure 5.2 Histological analysis of tissues before (control) and after decellularisation
treatment. Histological sections of a) bovine cartilage, b) horse tendon, c) human skin

tissues stained with (H&E), DAPI, , picrosirius Red (SR) and alcian blue (AB) dyes; scale

bar: 200 μm (cartilage: cECM; tendon: tECM; skin: sECM)

no visual difference between the control and decellularised tissues. In contrast, GAG content

was severely reduced, as evidenced by alcian blue staining.

The preservation of important cell adhesion molecules (fibronectin, laminin) was eval-

uated by immunohistochemistry. Fibronectin and laminin were still present after the de-

cellularisation procedure (Fig. 5.3). Articular cartilage was positive for fibronectin in the

superficial layer (Fig. 5.3 a, white arrow), however, after decellularisation, fibronectin was

distributed in the entire ECM. In both tendons and skin, fibronectin was abundant around

the blood vessels (Fig. 5.3 b,c). Laminin was present in the pericellular space (Fig. 5.3 a,

black arrow) and around the blood vessels (Fig. 5.3 b,c) and in the basal lamina of native

(control) skin (Fig. 5.3 c, red arrow). For the skin (Fig. 5.3 c), it should be emphasised that

the epidermis was removed during the decellularisation procedure and, thus, the basal lamina

was not present.
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Figure 5.3 Cell adhesion molecules retained in the ECM before (control) and after
(cECM ,tECM, sECM) decellularisation. Histological sections of a) bovine cartilage, b)

horse tendon, c) human skin tissue; fibronectin was visualized by fluorescence whereas

laminin was detected by a peroxidase reaction; Arrows indicate regions of high staining

intensity mostly around blood vessels and in the pericellular space; scale bar: 200 μm.

DNA and GAG content

DNA content was significantly (*p < 0.05) reduced from 1321±210 ng to 241±45 ng

dsDNA/mg dry tissue in cartilage (reduced by 82±3 %), from 1135±262 ng to 378±68 ng

dsDNA/mg dry tissue in tendons (reduced by 67±6 %) and from 554±34 ng to 29±0.05

ng dsDNA/mg dry tissue in skin (reduced by 95±0.004 %), compared to the native tissue

(Fig. 5.4 a,b). GAG content was also severely reduced (*p < 0.05) as evidenced by alcian

blue staining and quantitative analysis. In cartilage, GAG content was reduced from 294±19

μg to 68±31 μg/mg dry tissue (reduced by 87±6 %). In tendons, GAG content was reduced
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from 21±3 μg to 6±3 μg/mg dry tissue (reduced by 70±6 %) and in skin from 4±2 μg to

2±0.03 μg/mg dry tissue (reduced by 66±0.4 %), compared to the native tissue (Fig. 5.4

a,b).

Figure 5.4 DNA and GAG content before (control) and after treatment (decellularised).
a) relative (normalized) and absolute DNA content; b) relative (normalized) and absolute

GAG content. *p<0.05.

Effect of pre-treatment and scCO2 only

Fig. 5.8 displays the effects of scCO2 only and of pre-treatment on the DNA content of

cartilage, tendons and skin. Using scCO2 only did not show any DNA reduction in cartilage

(1453±463 ng DNA/mg dry tissue), tendon (1117±34 ng DNA/mg dry tissue) and skin



60 Decellularised Tissues obtained by a CO2-philic Detergent and Supercritical CO2

(637±19 ng DNA/mg dry tissue). Likewise, no visual removal of cell nuclei could be

detected by histology (H&E staining). Without a pre-treatment, the DNA content of cartilage

was not reduced (1363±87 ng DNA/mg dry tissue), whereas it was significantly reduced in

tendons (378±68 ng DNA/ mg dry tissue, * p < 0.05) and skin (219±13 ng/mg dry tissue,

*p < 0.05). However, removing the epidermis prior to decellularisation could further reduce

the DNA content of the skin (29±0.05 ng DNA/mg dry tissue, Fig. 5.4 a,b) and the number

of cell nuclei at a visual analysis.

5.5.2 Mechanical and Structural Characterization

SEM

The ultrastructure of the tissues was modified by the decellularisation treatment (Fig. 5.5).

For cartilage (cECM), ECM density appeared particularly low as compared to native tissue

(Fig. 5.5 a). This was evident from the decrease in mass surrounding the collagen network. No

visual changes in density were observed for tendons and skin. For all tissues, the orientation

and size of the collagen fibres themselves matched the control sample almost identically but

showed a somewhat looser arrangement.

Compression and tension test

The decellularisation procedure reduced significantly the elastic modulus of articular cartilage

(p < 0.0001) from 12.06±2.14 MPa to 1.17±0.34 MPa (maintaining 14.44±2.81 % of the

original elastic modulus) (Fig. 5.6 a). In contrast, tendon elastic modulus (Fig. 5.6 b) was

reduced (p > 0.05) from 126.35±9.79 MPa to 113.48±8.48 MPa (maintaining 88.93±7.47%

of its original elastic modulus) after decellularisation.

Biocompatibility

Consistent growth of bovine chondrocytes in direct proximity to the decellularised tissues

indicated no ZoI (Fig. 5.7, top). Other specific cells, including tenocytes and skin fibroblasts,

showed similar results for each tissue (data not shown).

Chondrocytes were metabolically active and adhered to the surface of all decellularised

tissues after 1 week of cell culture, as evidenced by MTT assay (Fig. 5.7, middle). The cell

penetration of bovine chondrocytes was limited to the surface of all decellularised tissues

types (Fig. 5.7, middle). Furthermore, chondrocytes remained viable after 1 week, as seen by

a constant fluorescent signal in the PrestoBlue™ assay (Fig. 5.7, bottom).
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Figure 5.5 Ultrastructure of cartilage, tendon and skin. a) bovine cartilage (top view-

superficial l ayer), b ) horse tendon ( top v iew), c ) human skin ( cross-section); DNA and

GAG content of a) cartilage, b) tendon and c) human skin; scale bar : 2 μm and 200 nm,

respectively.

5.6 Discussion

The working hypothesis of the present study was that scCO2 might be optimised to decellu-

larise dense tissues in combination with a CO2-philic detergent. To verify this hypothesis,

experiments with scCO2 on articular cartilage, tendons and skin were performed.

Decellularisation with scCO2 and a CO2-philic detergent only, could not achieve a

complete decellularisation of cartilage and skin. Thus, additional steps were introduced. For

cartilage, an extensive pre-treatment involving freeze-thaw, osmotic shock and enzymatic
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Figure 5.6 Elastic modulus of cartilage and tendon after the decellularisation treat-
ment. a) Compression test of bovine cartilage at 200 μm/s loading rate (elastic modulus

normalized to the native tissue in percent and absolute values in MPa), n=4 samples per

condition; b) tension test of horse tendon at 0.1 mm/s (elastic modulus normalized to the

native tissue in percent and absolute values in MPa), n=4 samples per condition, *p<0.0001.

digestion was needed to achive effective decellularisation. For skin, the pre-treatment

consisted of removing the epidermis prior to decellularisation.

The described method substantially reduced the cellular material in all dense tissue types

tested (Fig. 5.2 a-c). From a visual inspection, there were virtually no cell nuclei in the H&E

staining as compared to the native tissue, which was confirmed by the significantly reduced

DNA content (*p < 0.05) (Fig. 5.4 a). There were only trace amounts of broken cell nuclei

visible in the DAPI staining.

For cartilage, a DNA reduction from 1321±210 ng to 241±45 ng dsDNA/mg dry tissue

(reduced by 82±3%) was achieved (Fig. 5.4 a), compared to the 47.6 ng dsDNA/mg dry

tissue (reduced by 94%) achieved by Bautista et al. (Bautista et al., 2016). In tendons, the

DNA content was reduced from 1135±262 ng to 378±68 ng dsDNA/mg dry tissue (reduced

by 67±6%) (Fig. 5.4 a) as compared to the ≈ 100 ng/mg dry tissue (reduced by 90%)

achieved by Xu et al. (Xu et al., 2017). For skin, a reduction from 554±34 ng to 29±0.05 ng

dsDNA/ mg dry tissue (reduced by 95±0.004 %) was observed (Fig. 5.4 a), compared to 40

ng dsDNA/mg dry tissue obtained by Zhang et al. (Zhang et al., 2016). It should be noted that

the DNA content in the native tissues was higher per mg dry tissue than in the cited studies.

This could be due to batch-to-batch variation and differences in the DNA extraction method.

Comparing the absolute DNA content achieved with the technique here described to the

threshold defined by Crapo and et al. (Crapo et al., 2011), only skin was below the limit of

50 ng dsDNA/mg dry tissue, whereas cartilage and tendons contained substantially more

DNA. GAG content was significantly reduced (p < 0.05) in cartilage, in tendons and in
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Figure 5.7 Biocompatibility of decellularised tissues. (Top) ZoI of a) bovine cartilage, b)

horse tendon, c) human skin after 1 d, red arrows indicate location of decellularised tissue;

scale bar: 400 μm; (Middle) MTT assay after 7 d of cell culture-(control without seeded

cells); (Bottom); PrestoBlue assay shows constant fluorescent signal in arbitrary units (a.u.)

after 7 d of cell culture; (in each test n=3 samples per condition).

skin (Fig. 5.4 b). This was consistent with previous studies reporting a GAG reduction by

71.0±6.10% in cartilage (Bautista et al., 2016) and 67% in tendons (Youngstrom et al., 2013)

using a SDS-based decellularisation protocol. For skin, 1.56±0.42 μg/mg GAG/dry weight

are retained in the decellularised dermis according to Zhang et al. (2016), being less than

what was retained using the here presented protocol. However, Zhang et al. (2016) do not

perform any comparison with the native tissue (Zhang et al., 2016).

It should be noted that decellularisation does not always remove a significant amount of

GAGs. For instance, decellularisation of rat hearts with SDS in pulsatile flow retains most
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Figure 5.8 Effect of scCO2 and pre-treatment. Upper part indicates DNA content in ng/mg

dry tissue whereas lower part illustrates visual cell nuclei by H&E staining; a) cartilage; b)

tendon; c) skin; *p<0.05; scale bar: 200 μm.

of the GAGs in the ECM (Park et al., 2018). Likewise, optimisation of the decellularisation

protocol can significantly enhance the remaining GAG content in a decellularised nucleus

pulposus (Illien-Jünger et al., 2016). GAGs are important for the visco-elastic properties

of tissues (Lovekamp et al., 2006). The GAG reduction was a possible explanation for

the looser arrangement of collagen fibres in the ultrastructure of articular cartilage after
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decellularisation (Fig. 5.5 a). Therefore, the present study supported the results of Schneider

et al. (2016), who show a looser collagen fibre arrangement in articular cartilage after

decellularisation (Schneider et al., 2016). Moreover, the less dense fibre arrangement results

in a higher porosity, which is a potential advantage for the recellularisation of decellularised

tissues (Nasrollahzadeh et al., 2017).

The cell adhesion molecules, fibronectin and laminin, were still present in the tissues

after the decellularisation procedure (Fig. 5.3). Although, it should be noted that laminin

was mostly present in close vicinity to blood vessels and in the pericellular space. A

comparison of the results of this study with the previously cited decellularisation studies of

articular cartilage (Bautista et al., 2016; Schneider et al., 2016) and tendons (Xu et al., 2017;

Youngstrom et al., 2013) was not possible, since no immunohistochemistry was performed

in these studies. Only in case of the Zhang et al. (2016) study, immunohistochemistry was

performed and, similar to the observations of the present study, laminin was detected around

the blood vessels (Zhang et al., 2016). The conservation of cell adhesion molecules after

the decellularisation process was a positive result, since cell adhesion molecules are crucial

for the bioactivity of the decellularised tissue. For this reason, cell adhesion molecules

(fibronectin, laminin,arginylglycylaspartic-acid-containing molecules and others) are often

added to synthetic materials to enhance their bioactivity (Lutolf and Hubbell, 2005; Shin

et al., 2003).

Mechanical tests showed that the stiffness of the decellularised tissues was not affected by

the treatment in case of tendons but dropped significantly (*p < 0.0001) in articular cartilage

(Fig. 5.6). These results compared well with other studies in which equine tendons and

porcine articular cartilage are decellularised by SDS. For equine tendons, the elastic modulus

decreases from 76.13±4.12 MPa to 70.31±5.91 MPa [92.35±8.41% of the native tendons

elastic modulus is maintained(Youngstrom et al., 2013)]; for porcine articular cartilage, the

equilibrium modulus is reduced from 0.145 MPa to 0.035 MPa [maintaining 24.8±2.2%

of the native cartilage properties (Bautista et al., 2016)]. In the described protocol, the

reduction in elastic modulus of the articular cartilage could be caused by the extensive

pre-treatment, which removed most GAG molecules from the ECM. A loss of GAGs, which

attracts water into the ECM, affects the mechanical properties of tissues through a loss of

hydrostatic pressure (Bautista et al., 2016; Maroudas et al., 1969; Maroudas, 1976). For

tendons, the effect of a lower GAG content is less pronounced since tendons only contain

between 0.2% and 5% GAGs in the tensional zone and in the dry mass at the bone insertion

area, respectively (Merrilees and Flint, 1980). Since tendons mostly work in tension and

not in compression, GAG content is less important than in articular cartilage, where 11% of

GAGs in dry mass can be detected (Yu et al., 1997).
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The decellularised tissues were non-cytotoxic to bovine chondrocytes (Fig. 5.7) and hu-

man tenocytes and fibroblasts (data not shown). The biocompatibility was further evidenced

by ZoI, MTT and PrestoBlue™ assays after 1 week of culture. The cell penetration of

bovine chondrocytes into the decellularised tissues was mostly limited to the surface of the

tissue (Fig. 5.7, middle) after 1 week of cell culture. However, these tests are only a first

indicator for a favourable biocompatibility. More extensive studies attempting to recellularise

the obtained decellularised tissues should also be performed for a final confirmation of

biocompatibility.

The effect of scCO2 only and of pre-treatment on the DNA content of cartilage, tendons

and skin are displayed in Fig. 5.8. scCO2 only did not reduce the DNA content in any of the

three tissues. This was expected since scCO2 itself is apolar and needs a co-solvent such

as ethanol or a CO2-philic detergent to remove polar molecules such as phospholipids (cell

membrane) or DNA (Dunford and Temelli, 1995; Montanari et al., 1999; Tanaka et al., 2004).

Without pre-treatment,scCO2 /LS-54 could significantly reduce the DNA content of tendons

(p < 0.05). However, to effectively remove DNA content and visual cell nuclei, cartilage

and skin required a pre-treatment prior to treatment with scCO2/LS-54. It is possible that a

pre-treatment of articular cartilage was necessary due to the high density of its ECM with an

average pore size of only 6 nm (Maroudas, 1976). Hence, to effectively remove phospholipids

and DNA, a pre- treatment to loosen the ECM structure was required for cartilage. Without

a pre-treatment, the DNA content of skin was significantly reduced (p < 0.05), but visual

cell nuclei remained as displayed in Fig. 5.8 c. Thus, the epidermis was removed prior to

treatment with scCO2/LS-54.

The present study had also several inherent limitations. Decellularisation of cartilage and

skin required a pre-treatment since scCO2 and CO2-philic detergent could not completely

decellularise these tissues. The pre-treatment significantly reduced the mechanical properties

of articular cartilage. One possible solution to enhance the efficiency of the scCO2 and

CO2 -philic detergent decellularisation and to avoid these aggressive pre-treatment steps

is a modification of the process parameters such as pressure, treatment time, temperature

and concentration of detergent. A higher process pressure (not possible with the autoclave

used) could help to entirely remove the CO2-philic detergent LS-54 by simple rinsing with

scCO2. With the current protocol, decellularised tissues still contained residual detergent

and required an additional washing step in PBS to obtain a high biocompatibility. The

detergent Dehypon® LS-54 is a common household and industrial surfactant, which has a

high toxicity for aquatic organisms according to its safety data sheet. Hence, when used for

decellularisation, LS-54 should be completely removed to avoid cytotoxicity. In preliminary

tests of different doses of LS-54 in DMEM, a concentration as low as 0.01% demonstrated
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toxicity on bovine chondrocytes. Living chondrocytes were observed at a concentration of

0.002% (data not shown). Thus, a complete removal of LS-54 is paramount. Trace amounts

of this detergent can be detected by analytical methods such as nuclear magnetic resonance

(NMR) (Juanssilfero et al., 2011). Thus, it would be possible to use NMR to evaluate the

successful removal of the detergent LS-54 from the decellularised tissues. The size of the

diverse decellularised tissues was different. This was due to the distinct processing steps of

each tissue and different available tissue sources. However, the use of a supercritical fluid

should also enable the use of bigger samples since diffusion is largely enhanced.

One aspect that was not verified completely during this study was the sterility of the

decellularised tissues after scCO2 treatment. scCO2 can be used as a gentle sterilisation

technique for tissues (Bernhardt et al., 2015). For instance, scCO2 is used to sterilise tendons

whereby mechanical properties are maintained (Nichols et al., 2009). However, if sterility

was also achievable with the used protocol was not tested. This should ideally be done after

a further optimisation of the protocol. However, the fact that cells were cultured with the

treated matrix for the biocompatibility assay and no contamination was observed would

indicate that the matrix was sterile. Despite these limitations, the scCO2 and CO2 -philic

detergent decellularisation protocol worked well for tendons that were decellularised without

any pre- treatment, while maintaining most of their mechanical properties. The protocols for

skin and cartilage were not perfected yet as additional treatment steps were still necessary

for decellularisation; however, there is still room for improvement by using a more powerful

autoclave. Also, important cell adhesion molecules such as fibronectin and laminin were

preserved in the ECM of all tested tissues after the procedure, an important aspect that was

widely neglected in earlier publications. The focus of future experiments should be a further

optimisation of the process parameters for all tissues, a substantial reduction of pre- and post-

treatment steps for skin and cartilage and complete sterility testing. Taken together, the use

of scCO2 and CO2-philic detergent had advantages when compared to established methods

for the decellularisation of tendons. With further optimisation of the process parameters, it

could also become a true alternative for other dense tissues, including skin and cartilage.
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6.1 Graphical Abstract

6.2 Abstract

A novel strategy to enhance the functional properties of cartilage tissue engineering scaffolds

is to mimic the zonal characteristics of articular cartilage. Notably, the superficial zone at the

cartilage-cartilage interface fulfills a key function by providing lubrication and resistance to
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shear stress. To implement the superficial zone, current research has focused on discerning

the impact of biomaterial design and distinct external cues on zonal lineage commitment.

However, most of the current approaches make use of synthetic materials, which commonly

possess a lower bioactivity than natural materials. The higher bioactivity of natural materials

has the advantage of potentially avoiding additional growth factors. Thus, the present work

has focused on producing scaffolds based on decellularised articular cartilage to induce

the superficial zone. To manufacture these scaffolds, bovine articular cartilage was first

pepsin-digested, transferred into molds and lyophilized. Subsequently, a decellularisation

protocol based on supercritical carbon dioxide and ethanol was adapted to remove remaining

cell material from the scaffolds. Secondly, the scaffolds were crosslinked with different con-

centrations of EDC/NHS. It was demonstrated that the mechanical properties of the scaffolds

could be tailored by changing the digest concentration prior to lyophilization. Interestingly,

without using growth factors, human chondro-progenitors cultured within these scaffolds

have shown signs of zonal lineage commitment towards the superficial zone by producing

lubricin on the scaffold surface after 28 days of culture. These encouraging results could aid

to implement the superficial zone with zone-specific cellular activity in future cartilage tissue

engineering scaffolds.

Keywords: decellularisation, differentiation, extracellular matrix, human chondro-progenitors,

superficial zone, zonal mechanical properties

6.3 Introduction

Articular cartilage consists of different zones depending on tissue depth, namely: super-

ficial, middle, deep and calcified zone (Temenoff and Mikos, 2000). Each of these zones

has a distinct purpose and contributes to the overall function of articular cartilage. Thus,

to enhance the functional properties of scaffolds in cartilage tissue engineering, recent ap-

proaches have focused on mimicking the zonal characteristics of articular cartilage (Klein

et al., 2009; Moutos et al., 2007; Tatman et al., 2015). Particularly, the superficial zone at the

cartilage-cartilage interface fulfills a key function by providing lubrication and resistance

to shear stress (Minns and Steven, 1977; Rhee et al., 2005; Schumacher et al., 1994). The

low friction at the surface can mainly be attributed to the expression of lubricin, whereas the

resistance to shear stress can be associated to the parallel orientation of collagen fibers in

the superficial zone (Minns and Steven, 1977; Rhee et al., 2005; Schumacher et al., 1994).

Lubricin is a mucinous glycoprotein which coats the cartilage surface to provide boundary

lubrication that is superior to the lowest friction man-made material to date (Teflon) (Jay
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and Waller, 2014). The expression of lubricin is a unique feature which distinguishes the

superficial zone from the other zones in articular cartilage. Remarkably, the superficial zone

only has a thickness of approximately 200 μm and comparatively low mechanical properties

ranging from 0.020±0.003 MPa to 1.16±0.20 MPa (Antons et al., 2018b; Chen et al., 2001a).

Mimicking the superficial zone of articular cartilage is believed to enhance lubrication at

the cartilage surface and provide resistance to shear stress. Implementing superficial zone

characteristics such as the mechanical properties in scaffolds for cartilage tissue engineering

may increase the durability of the forming cartilage tissue by giving lubrication and shear

resistance. To produce superficial zone characteristics, the chondrocytes should follow a

zone-specific lineage commitment. Generally, in previous studies, zonal lineage commitment

was controlled by modifying the composition as well as the mechanical properties of biomate-

rials or using external cues such as oxygen tension or growth factors (Grad et al., 2005; Khala

et al., 2007; Mhanna et al., 2013; Nguyen et al., 2011b; Niikura and Reddi, 2007; Wise et al.,

2009; Zhu et al., 2017). When targeting the superficial zone by biomaterial design, recent

studies have focused on mimicking the characteristic parallel fiber orientation and/or the

mechanical properties of the superficial zone. Thus, the parallel collagen fiber orientation in

the superficial zone was obtained by electrospun PCL-fiber scaffolds which has been shown

to enhance chondrogenesis (Wise et al., 2009). Further, the mechanical properties of the su-

perficial zone were targeted in scaffolds with initial scaffold elastic moduli of 199.71±89.60

kPa and likewise with a spatial gradient of mechanical properties of 5–60 kPa (Nguyen et al.,

2011b; Zhu et al., 2017). Using the initial elastic modulus of 199.71±89.60 led to superficial

zone characteristics such as a higher collagen II (col II) content and lower glycosaminoglycan

(GAG) content compared to scaffolds with higher elastic modulus (Nguyen et al., 2011b).

In the elastic modulus range investigated (5–60 kPa), for the hydrogels seeded with either

chondrocytes or MSCs, a zone-specific extracellular matrix deposition was observed (Zhu

et al., 2017). Similar to the biomaterial design, external cues such as normoxic oxygen

tension or growth factors could induce superficial zone cartilage indicating the characteristic

lubricin expression (Lee et al., 2010; Mhanna et al., 2013)

One aspect, which has rarely been studied to discern zonal lineage commitment, is the

use of decellularised tissue matrices. The advantage of using decellularised tissue matrices is

their inherent bioactivity, which potentially allows to omit the use of external cues such as

growth factors. Indeed, due to the reported chondrogenic effect of decellularised cartilage,

this material would be an attractive approach to enhance zonal lineage commitment (Bautista

et al., 2016; Beck et al., 2016; Cheng et al., 2009; Hwang et al., 2007). In one recent study,
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zonal lineage commitment was observed in human mesenchymal stem cells (MSCs) when

zone-specific growth factors were supplied in hydrogels fabricated from decellularised bovine

articular cartilage (Moeinzadeh et al., 2018). We hypothesized that scaffolds fabricated from

decellularised articular cartilage can induce the superficial zone phenotype without the use

of additional growth factors. This hypothesis was based on the aforementioned observed

effect of decellularised articular cartilage on zonal lineage commitment as well as on chon-

drogenesis. In contrast to other studies in cartilage tissue engineering, which mostly work

with autologous, nasal-septum, polydactyly and auricular chondrocytes as well as MSCs

and adipose-derived stem cells (Brittberg et al., 2018; Maehara et al., 2017; Martin et al.,

2015; Mortazavi et al., 2017; Mumme et al., 2016; Nam et al., 2018; Wong et al., 2018; Zuk

et al., 2002), we used human chondro-progenitors. The advantage of chondro-progenitors is

their stable phenotype and that they don’t require growth factors for chondrogenic lineage

commitment (Darwiche et al., 2012; Studer et al., 2017).

The purpose of this study was, therefore, to fabricate decellularised articular cartilage

based scaffolds with adjustable mechanical properties to induce chondro-progenitors in the

superficial zone phenotype without the use of additional growth factors. The creation of the

superficial zone in scaffolds would be a valuable feature to engineer hyaline cartilage with

native structure and function in future cartilage treatments.

6.4 Materials and Methods

6.4.1 Scaffold Fabrication

Bovine articular cartilage was obtained from a local slaughterhouse and carefully harvested

from the femoral condyle with a scalpel while working on ice. The processing of bovine

cartilage into a porous and crosslinked scaffold is described in Figure 6.1. Briefly, cartilage

was cut into small pieces (approximately 3 mm x 3 mm) using a scalpel. Thereafter, the

cartilage was digested in 1 mg/ml hyaluronidase (H3506, Sigma-Aldrich, Buchs, Switzerland)

in PBS at ambient temperature on an orbital shaker for 24 h. This was followed by a second

digestion in 0.5 M acetic acid (695092, Sigma-Aldrich, Buchs, Switzerland) supplemented

with 10 mg pepsin/100 mg (P7125, Sigma-Aldrich, Buchs, Switzerland) dry tissue at ambient

temperature under mild agitation on an orbital shaker for 48 h. To modify the mechanical

properties of the scaffolds, two different digest concentrations were chosen: 10 mg dry

tissue/ml 0.5 M acetic acid (loose) and 50 mg dry tissue/ml 0.5 M acetic acid (dense).

From now on, we refer to these digest conditions as loose and dense scaffolds, respectively.
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Afterwards, the digest was carefully filtered through a 70 μm cell strainer (Corning, New

York, USA) by centrifuging at 3000 RPM for 5 min. The pH of the filtered cartilage digest was

then adjusted to pH 7 using cold (4°C) 10 M NaOH to avoid premature gelation. Subsequently,

400 μl of the digest was distributed in each well of a 48-well plate. To remove bubbles, the

48-well plate was centrifuged at 2000 RPM for 5 min. The samples were then frozen at -80°C

for 3 h and subsequently lyophilized in a table top lyophilizator (FreeZone 2.5 Liter -50°C,

Labconco, USA) at -0.200 mbar for 24 h. From now on these uncrosslinked samples are

referred to as “Before treatment”. Later, samples were decellularised by treatment with scCO2

only (sample name: scCO2 only) and ,scCO2/EtOH (sample name: scCO2/EtOH).

Figure 6.1 Scaffold fabrication and decellularisation protocols. 1. Bovine cartilage tissue

is digested, transferred to a mold and lyophilized to yield uncrosslinked scaffolds ("before

treatment"). 2. Next, the uncrosslinked scaffolds are decellularised either with scCO2

only or scCO2/EtOH followed by crosslinking with EDC/NHS using different crosslinker

concentrations (1x, 2x, 5x). Finally, scaffolds are sterilized by 70% EtOH.
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6.4.2 Decellularisation with scCO2/EtOH

The scCO2 treatment was similar to a previously reported procedure of our group

(Antons et al., 2018a). The treatment was modified by using ethanol (EtOH) instead of

a CO2-philic detergent to add polarity to scCO2. Briefly, an autoclave (SITEC AG, Switzer-

land) was filled with 5%(w/v) 70% EtOH. The lyophilized, but uncrosslinked cartilage

samples were then sealed in sterilization bags (Medline Industries, USA) and placed in the

autoclave. Carbon dioxide (99.9% pure, Carbagas AG, Lausanne Switzerland) was intro-

duced into the pressure vessel (volume of vessel: 4 L) and the pressure was progressively

increased to 250 bars using a high-pressure pump. The temperature was adjusted to 37°C.

The samples were constantly treated for 1 h under these conditions. Later, the pressure vessel

was rapidly depressurized using a manual valve at a depressurization rate of approximately

100 bars/min.

6.4.3 EDC/NHS Crosslinking

The obtained samples from the decellularisation treatments were then chemically crosslinked

using EDC/NHS as previously described elsewhere (Rowland et al., 2013). Briefly, 11.5

mg EDC (22980, ThermoFisher, Waltham, USA) and 2.8 mg NHS (24510, ThermoFisher,

Waltham, USA) were dissolved in 1 ml of 75% EtOH. We defined this condition (11.5 mg

EDC and 2.8 mg NHS in 1 ml) as 1x crosslinker, whereas 2x (23 mg EDC and 5.6 mg NHS

in 1 ml) and 5x (57.5 mg EDC and 14 mg NHS in 1 ml) corresponds to a multiplication of

the concentration in the initial condition. The resulting scaffolds were named according to

the digest and crosslinker concentration as described in Table 6.1.

Table 6.1 Terminology of scaffolds depending on digest and crosslinker concentration.

Scaffold name Digest concentration Crosslinker

1x-Dense Dense 1x

2x-Dense Dense 2x

5x-Dense Dense 5x

1x-Loose Loose 1x

2x-Loose Loose 2x

5x-Loose Loose 5x

Next, the crosslinking solution (EDC/NHS in 75% EtOH) was uniformly pipetted on the

lyophilized and uncrosslinked cartilage digest to fully immerse the samples. The crosslinking

reaction was performed for 2 h at ambient temperature under the laminar flow hood to ensure

sterility. To remove remaining EtOH and crosslinker, the samples were thoroughly washed
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under the laminar flow hood in sterile PBS for 5 cycles of 15 min. Finally, the samples were

sterilized in 70% EtOH for 1 h.

6.4.4 DNA Extraction

To assess the effectiveness of the scCO2/EtOH decellularisation protocol, the total DNA

content was quantified. Briefly, samples were completely dried using a bench top lyophilizer

(FreeZone 2.5 Liter -50°C, Labconco, USA) at -0.200 mbar for 24 h and the dry weight was

recorded. The samples were then thoroughly digested in papain buffer (100 mM Na2HPO4,

100 mM EDTA, 10 mM cysteine-HCL, pH 6.5) supplemented with 250 μg papain/ml at 65°C

under agitation at 750 RPM overnight or until no visible scaffold material remained. Next,

this digest was purified by Phenol:Chloroform:Isoamylalcohol (25:24:1, v/v). The aqueous

phase was ethanol precipitated on ice for 30 min. Following centrifugation, the DNA pellet

was carefully washed and reconstituted in nuclease free water. Finally, the DNA content

was quantified by a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham,

MA, USA). Each sample condition (before treatment, scCO2 only and scCO2/EtOH) was

measured in quadruplicate.

GAG Content

To evaluate the effect of the decellularisation protocols on the GAG content, a

1,9-dimethylmethylene blue dye (DMMB) assay was performed to quantify GAGs. Briefly,

a standard curve was prepared by chondroitin sulphate dilutions ranging from 0 to 100 μg.

Scaffolds with a dry weight of approximately 10 mg were previously digested in 1 ml papain

buffer (100 mM Na2HPO4, 100 mM EDTA, 10 mM cysteine-HCL, pH 6.5) supplemented

with 250 μg papain/ml at 65°C under agitation at 750 RPM overnight. Subsequently, 100 μ l

of the scaffold digest was distributed into a 96-well plate in triplicate. Then DMMB solution

was added and the absorbance was immediately read on a microplate reader (Wallac 1420

Victor2, Perkin Elmer, USA) at a wavelength of 595 nm. To determine the GAG content for

the different scaffold conditions, the aforementioned chondroitin sulphate concentrations

were plotted against their corresponding absorbance values. Each sample condition (before

treatment, scCO2 only and scCO2/EtOH) was measured in triplicate.

Scanning Electron Microscopy

To evaluate the ultrastructure of samples obtained with different digest and crosslinking

concentrations, Scanning Electron Microscopy (SEM) was performed. Briefly, the samples

were lyophilized using a bench top lyophilizer (FreeZone 2.5 Liter -50°C, Labconco, USA)
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at -0.200 mbar for 24 h and subsequently coated with 10 nm carbon using a carbon coater.

Images were acquired using a scanning electron microscope (Merlin resolution SEM, Zeiss,

Germany) at three magnifications, namely: 200, 2,000 and 50,000 with an accelerating

voltage of 1.2 kV.

Compression Test

To assess the elastic modulus of the different sample conditions (before treatment, scCO2

only and scCO2/EtOH), an unconfined compression test was performed on a uniaxial test

system (Instron E3000, Instron, USA; load cell: 50 N). The same compression test was

performed for the different digest (loose, dense) and crosslinker (1x, 2x, 5x) concentrations.

Briefly, scaffolds (9.8 mm diameter and 3 mm height) were swollen in PBS at ambient

temperature overnight. Then, each scaffold condition was compressed to 50% strain at a

compression rate of 500 μm/s. The elastic modulus was determined from the stress-strain

curve between 20 and 40% of strain. Each sample condition was measured in quintuplicate.

Cell Seeding

For the biological tests, human chondro-progenitors were used

(Darwiche et al., 2012; Studer et al., 2017). Chondro-progenitors at passage 3 were expanded

in cell culture flasks using DMEM medium (10% FBS, 1% L-glutamine, 1% pen-strep) until

80% confluence was reached. Subsequently, lyophilized and crosslinked scaffolds were

distributed in a 48-well plate. One million chondro-progenitors at passage 4 in 20 μ l DMEM

medium (10% FBS, 1% L-glutamine, 1% pen-strep) were evenly pipetted on the surface

of the scaffolds. The plate was then transferred to a cell culture incubator with humidified

atmosphere at 5% CO2 and 37°C for 2 h to enable cell adhesion. Finally, 1 ml of fresh

DMEM medium was added to the scaffolds, which were then re-transferred to the incubator.

The medium was changed every other day.

Histology

Samples were thoroughly fixed in 4% paraformaldehyde at ambient temperature overnight.

Next, slices with a thickness of 5 μm were processed with a microtome and stained by stan-

dard histology methods for cell nuclei by Hematoxylin Eosin (H&E) and DAPI, sulphated

GAGs by Alcian Blue (AB) and collagen by Masson trichrome (MT) staining. Immunohisto-

chemistry was performed to detect collagen type II (col II), fibronectin, lubricin and collagen

type X (col X). The human articular cartilage tissue was obtained from the DAL/CHUV
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biobank (Lausanne), under anonymous donation, in accordance with its regulation and

approval by the Institutional Biobank. Briefly, samples were first incubated with lubricin

(polyclonal,1:200;MABT400, Sigma-Aldrich, Buchs, Switzerland), col II (polyclonal, 1:200;

ab34712, Abcam, Cambridge, United Kingdom), col X (polyclonal 1:200; ab58632, Abcam,

Cambridge, United Kingdom) and fibronectin (monoclonal, 1:200; 610077, BD Biosciences,

USA) at 4°C overnight. A peroxidase reaction was used to detect lubricin, col II and col X

(ImmPRESS™ HRP, Vectorlabs, USA), whereas fibronectin was detected by immunoflu-

orescence (polyclonal, Alexa Fluor 568, 1:100; Invitrogen, USA at ambient temperature

for 2 h). Tissue sections were examined under a widefield microscope (DM 5500, Leica,

Germany). Each sample condition (before treatment, scCO2 only and scCO2/EtOH) was

evaluate in triplicate.

6.4.5 Statistical Methods

An unpaired two-tailed Student’s t-test was used to determine the statistical significance

between the DNA and GAG content of each sample condition. The same statistical test

was used to determine the difference between the mechanical measurements depending on

the crosslinking degree (1x, 2x, 5x) and the digest concentration (loose and dense scaffold)

depending on the cell culture time (14 and 28 days). Samples were statistically significant

when *p<0.05 and named not statistically significant (n.s.) when p>0.05.

6.5 Results

DNA and GAG content

The decellularisation procedure with scCO2/EtOH significantly (*p<0.05) reduced the DNA

content (111±77 ng dsDNA/mg dry scaffold) compared to the scaffold before treatment

(311±103 ng dsDNA/mg dry scaffold) or scCO2 only (286±79 ng dsDNA/mg dry scaffold)

(Figure 6.2). Another favorable decellularisation effect was seen in the H&E and DAPI

staining’s (Figure 6.7), where both staining’s indicated no traces of visible cell nuclei. Simul-

taneously, GAG content was not affected by scCO2 treatment only (2.90±0.54 μg/mg dry

scaffold) or scCO2/EtOH (2.79±0.64 μg/mg dry scaffold) compared to the sample before

treatment (2.52±0.23 μg/mg dry scaffold) (Figure 6.2).
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Figure 6.2 DNA and GAG content of the decellularised articular cartilage scaffold. n=

4 samples per condition (*p<0.05), n.s.: not statistically significant.

SEM

To assess the ultrastructure of the scaffolds before and after decellularisation as well as the

effect of the different digest and crosslinker concentrations, SEM images were acquired

(Figure 6.3). When compared, the non-treated, scCO2 only and scCO2/EtOH treated scaffolds

showed no change in the ultrastructure (Figure 6.3). In all conditions, aggregated spherical

particles can be identified in the highest magnification. When analyzing the impact of

the different digest and crosslinker concentrations on the ultrastructure of the scaffolds,

alterations can be identified (Figure 6.4). Hence, the scaffolds with a higher crosslinker

concentration (5x), showed aggregated spherical particles, whereas with lower crosslinker

concentrations (1x, 2x) fiber-like structure were found in the highest magnification.
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Figure 6.3 Ultrastructure of scaffolds after decellularisation treatment. Influence

of scCO2 and scCO2/EtOH treatment on the ultrastructure of the scaffolds. In particular

in the middle, scale bar: 10 μm and highest magnification, scale bar: 200 nm, a change in

ultrastructure was observed. All samples were crosslinked with the 5x crosslinker concentra-

tion.
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Figure 6.4 Ultrastructure of the decellularised articular cartilage scaffolds depending
on the digest and crosslinker concentration. The upper part shows the ultrastructure of

loose scaffolds depending on different crosslinker proportions (1x, 2x, 5x). The lower part

illustrates the ultrastructure of the dense scaffolds depending on the crosslinker concentration

(1x, 2x, 5x). Arrows correspond to either fiber-like structures or granules.
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Mechanical Properties

To evaluate the effect of the scCO2/EtOH decellularisation treatment on the elastic modu-

lus, the different treatment conditions were compared (before treatment, scCO2 only and

scCO2/EtOH) (Figure 6.5 A.). The elastic modulus of the treated scaffolds ( scCO2/only:

25.33±7.53 kPa and scCO2/EtOH: 18.99±5.96 kPa) was slightly reduced compared to the

samples before treatment: 29.75±6.15 kPa.

Next, the elastic modulus of the scaffolds depending on the digest and crosslinker

concentration was measured (Figure 6.5 B.). In the case of the dense scaffolds, the different

elastic moduli were: 28.27±7.81 kPa for 5x-Dense, 20.79±7.76 kPa for 2x-Dense and

28.85±12.37 kPa for 1x-Dense. For the loose scaffolds, the following values were measured:

2.80±1.77 kPa for 5x-Loose, 4.46±1.40 kPa for 2x-Loose and 6.10±4.58 kPa for 1x-Loose.

The elastic modulus changed significantly (*p<0.05) between dense and loose scaffolds, but

no significant difference was observed between the crosslinker concentrations.

For the cell-seeded scaffolds, only the elastic modulus of the dense scaffold could be

measured due to contraction of the loose scaffold (Figure 6.6). Comparing the different

time points of each crosslinking condition, the elastic modulus has increased over time. For

the 1x-Dense scaffolds, the elastic modulus has increased from 28.27±7.81 kPa (day 0) to

123.41±12.75 kPa (day 14) and 451.81±170.52 kPa (day 28), respectively. A similar trend

was observed for the 2x-Dense and 5x-Dense scafffolds.

Figure 6.5 Elastic modulus of the scaffolds depending on decellularisation, digest con-
centration and crosslinker concentration. A. Effect of the decellularisation treatment. B.

Effect of digest and crosslinker concentration. n.s.: not statistically significant.
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Figure 6.6 Elastic modulus as a function of crosslinking in dense scaffolds increased
over time when scaffolds were seeded with chrondro-progenitors. (*p<0.05). Note:

Only the dense scaffolds were measured due to contraction of the loose scaffolds.

Histology

First, immunohistochemistry was used to screen for specific extracellular matrix (ECM)

molecules and to analyze the impact of the decellularisation protocol (before treatment, scCO2

only and scCO2/EtOH). Hence, the presence of fibronectin, col II, col X and lubricin were

evident (Figure 6.7). In native cartilage, fibronectin was detected in the superficial zone,

whereas in all decellularisation conditions fibronectin was identified throughout the entire

ECM. The same effect was observed for the lubricin staining. Lubricin was located at the

surface of human articular cartilage and was only mildly detected in the scaffolds prior to cell

seeding. Col II was ubiquitously present in the ECM. Col X was mainly identified around

chondrocytes in native cartilage, but only weakly detected in the scaffolds.
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Figure 6.7 Immunohistochemistry before and after decellularisation. Presence of fi-

bronectin (FBRN), collagen type II (col II), collagen type X (col X) and lubricin was

corroborated, scale bar: 200 μm.

Secondly, to evaluate the ECM secreted from the chondro-progenitors after 14 days

and 28 days, GAGs (Alcian Blue (AB)) and collagen (Masson’s Trichrome (MT)) were

examined (Figure 6.8 and Figure 6.9, respectively) by histology. For the loose scaffolds,

the chondro-progenitors formed aggregates (Figure 6.8, H&E- black arrows). Chondro-

progenitors presented a moderate secretion of GAGs, indicated by AB staining surrounding

the cells. In the case of the dense scaffolds, the cells were mainly located at the surface.

Similar to the loose scaffolds, GAG expression was evident surrounding the cells. Finally, to

further assess the zonal lineage commitment for the superficial zone, immunohistochemistry

for lubricin and col II was performed (Figure 6.10). In the positive control (human articular

cartilage), lubricin expression was identified mostly at the surface, whereas col II had a low

intensity at the surface. For lubricin, a similar pattern was seen in the 1x-Dense scaffolds.
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For the 1x-Loose scaffolds, intense lubricin staining was observed surrounding the cell

aggregates. In case of col II, the staining intensity was quite homogeneous for the dense and

loose scaffolds.

Figure 6.8 ECM secretion in decellularised articular cartilage scaffolds after 14 days
and 28 days (loose scaffold). H&E staining indicates cell distribution after 14 days cell

culture. Black arrows point out cell aggregates (H&E) and secreted GAGs surrounding the

cells (AB). Collagen can be detected throughout the scaffolds (MT). Scale bar: 200 μm.
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Figure 6.9 ECM secretion in decellularised articular cartilage scaffolds after 14 days
and 28 days (dense scaffold). H&E staining indicates cell distribution after 14 days cell

culture. Black arrows point out cell aggregates (H&E) and secreted GAGs surrounding the

cells (AB). Collagen can be detected throughout the scaffolds (MT). Scale bar: 200 μm.
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Figure 6.10 Lubricin and collagen type II secretion in decellularised articular carti-
lage based scaffolds after 14 days and 28 days (loose and dense scaffold) compared to
human articular cartilage (positive control). A. Black arrows indicate that lubricin expres-

sion is mainly located at the surface. Negative control indicates a light background staining of

the unseeded scaffolds, but with chondro-progenitors, the staining intensity was considerably

higher. B. Col II has a low intensity at the surface of articular cartilage. Negative control

indicates the background staining of the scaffold without cells. Scale bar: 200 μm.



6.6 Discussion 87

6.6 Discussion

In the present work, we hypothesized that scaffolds fabricated from decellularised articu-

lar cartilage can induce zonal lineage commitment towards the superficial zone in human

chondro-progenitors without additional growth factors. To validate this hypothesis, an ap-

proach to fabricate decellularised articular cartilage based scaffolds with adjustable mechani-

cal properties was developed. To establish this approach, a multistep fabrication protocol was

used. First, an optimized procedure adapted to decellularise the scaffolds with scCO2/EtOH,

has demonstrated to efficiently remove cellular material while maintaining GAG content as

well as ultrastructure and mechanical properties. Interestingly, human chondro-progenitors

cultured within these scaffolds allow to increase over time the mechanical properties of the

scaffolds so that it matched the values of the superficial zone known from literature (Antons

et al., 2018b; Chen et al., 2001b). Finally, these same cells seeded within the scaffolds have

demonstrated to secrete the superficial zone protein lubricin during 14 and 28 days of cell

culture.

The base of the scaffolds in the present work was the decellularised ECM of articular

cartilage. In previous attempts to decellularise bovine articular cartilage with scCO2, the use

of a CO2-philic detergent was required (Antons et al., 2018a). Omitting this detergent would

further simplify the procedure by reducing washing steps and by avoiding possible detergent

residues in the final decellularised tissue. Hence, in the present work, we have decellularised

articular cartilage by a more gentle approach based on scCO2/EtOH after processing it into

a lyophilized porous scaffold. It was necessary to process the decellularised cartilage into

scaffolds to facilitate cell infiltration due to the high ECM density in native cartilage (6 nm

pore size) (Maroudas, 1976). Decellularisation by scCO2/EtOH has formerly demonstrated

to produce biocompatible, acellular tissues (Casali et al., 2018; Guler et al., 2017; Halfwerk

et al., 2018; Huang et al., 2017; Sawada et al., 2008; Wang et al., 2017a; Zambon et al.,

2016). Using scCO2/EtOH, the DNA content of the scaffolds was significantly reduced

(*p<0.05) compared to the scaffolds before treatment. Similarly GAG content was not

affected by the scCO2 and scCO2/EtOH treatments compared to the scaffold before treatment

(Figure 6.2), which emphasizes the mildness of the scCO2/EtOH treatment. Simultaneously,

ECM molecules including fibronectin, col II, col X and lubricin were immunolocalized in

the decellularised ECM (Figure 6.7). Furthermore, scCO2/EtOH only moderately affected

the elastic modulus of the scaffolds compared to before treatment. Hence, with scCO2/EtOH

decellularisation, 63.83±20.03% of the original elastic modulus of the scaffolds could be

maintained in contrast to only 14.44±2.81% with the previous protocol using scCO2/LS-

54 (Antons et al., 2018a). This further underlines the reduced impact of the scCO2/EtOH
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decellularisation technique on the mechanical properties of the obtained scaffolds. Likewise,

the ultrastructure of the scaffolds was somewhat affected by the scCO2/EtOH treatment and

illustrated aggregated granules in all treatment conditions (Figure 6.3, 200 nm scale bar).

This reconfirms the mildness of the decellularisation procedure since the ultrastructure was

not further changed by the decellularisation treatment.

To induce the superficial zone phenotype, scaffolds with different properties were fab-

ricated by modifying the digest and crosslinker concentrations. The different crosslinker

concentrations (1x, 2x, 5x) did not have a significant influence on the mechanical properties

within the evaluated concentration range. Nonetheless, the crosslinker concentration was

able to modify the ultrastructure. Thus, lower crosslinker concentrations (2x, 1x) produced

fiber-like structures (Figure 6.4, 200 nm scale bar, indicated by white arrow), whereas 5x

crosslinker concentration generated aggregated granules. Indeed, lower crosslinker concen-

trations should be preferred since this favors fiber-like structures. This is in agreement with

native articular cartilage, in which collagen fibers of different diameters and orientations

can be detected (Minns and Steven, 1977; Weiss et al., 1968). Our results are also in line

with another study, in which a lower crosslinker concentration resulted in fewer changes in

ultrastructure and a higher bioactivity (Rowland et al., 2013). Since lowering the crosslinker

concentrations seemed to be more favorable for the ultrastructure of the scaffolds (fiber-like

structures), we mainly focused further analysis on the 1x crosslinked scaffolds.

As previously mentioned, the digest concentration showed a greater effect on the mechan-

ical properties of the scaffold than the crosslinker concentration (Figure 6.5 B.). Additionally,

a lower digest concentration (loose scaffold) was associated with collagen fibers of smaller

diameter within the scaffolds than in the higher digest concentration (dense scaffold) (Fig-

ure 6.4, 200 nm scale bar, indicated by white arrow). This effect could also be used to

implement a more native cartilage-like fiber appearance within the scaffolds. Hence, the

fiber diameters could be adapted to match the collagen fiber diameters of the superficial zone,

which have a smaller diameter than in the other cartilage zones (Muir et al., 1970). Compar-

ing the mechanical properties of the loose and dense scaffolds reveals a 5-10 times lower

elastic modulus in the loose scaffolds (*p<0.05). For instance, within the dense scaffolds an

initial elastic modulus of 28.85±12.37 kPa (1x crosslinker) compared to 6.10±4.58 kPa (1x

crosslinker) for the loose scaffolds was measured. These initial scaffold properties are in the

range of the superficial zone ( 0.020±0.003 MPa) (Antons et al., 2018b).
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Interestingly, in both digest conditions (loose and dense scaffolds), the presence of the

superficial zone-specific protein lubricin was detected by immunohistochemistry (Figure 6.10

A.). Comparing the secretion of lubricin to human articular cartilage (positive control),

confirmed a similar surface-located expression for the dense scaffolds. Similarly, previous

experiments using the combination of different scaffold properties, revealed lubricin secretion

at the surface of the scaffolds (Steele et al., 2014). On the contrary, lubricin secretion was

located around cell aggregates in the loose scaffolds. This is comparable to another study

in which lubricin expression was immunolocalized around cell aggregates in pellet culture

of mesenchymal progenitor cells supplemented with growth factors (Lee et al., 2010). In

general, cell aggregates establish important cell-cell contacts which mediate zonal lineage

commitment depending on the initial cell density (Karimi et al., 2014; Ren et al., 2016).

Even though the immunolocalization of lubricin indicated signs of superficial zone cartilage,

this could not be confirmed for col II (Figure 6.10 B.). Usually, the superficial zone has the

highest col II content compared to the other zones in articular cartilage (Muir et al., 1970).

In contrast, we observed a lower staining intensity of col II at the outermost surface of

human articular cartilage (positive control), whereas a bit deeper the col II staining intensity

increases sharply (Figure 6.10 B.). This could be due to a possible osteoarthritis-inflicted

degeneration in the human cartilage sample. It is known that osteoarthritis-inflicted degen-

eration usually starts at the cartilage surface (Hollander et al., 1995). Within the scaffolds

col II was rather homogeneously expressed and did not indicate a different content at the

surface. The commonly high col II content of superficial zone cartilage should be further

corroborated in future studies to verify if this can also be induced in the developed scaffolds.

Looking more closely at the mechanical properties during cell culture reveals that the

elastic modulus of the dense scaffold was significantly (*p<0.05) increased (Figure 6.6).

Thus, the elastic modulus of the 1x-Dense scaffolds increased from an initial 28.27±7.81

kPa to 123.41±12.75 kPa after 14 days and to 451.81±170.52 kPa after 28 days. From the

three investigated crosslinking concentrations, the 5x-Dense scaffolds showed the lowest

increase of mechanical properties. This could be due to the ultrastructure which at high

crosslinker concentrations (5x) showed granules instead of fiber-like structures and might

thus be less favorable for cell proliferation and adhesion. Comparing these scaffold properties

with other studies targeting the superficial zone, shows that the obtained values are in the

same range (105.78±26.89 kPa to 199.71±89.60 kPa) (Nguyen et al., 2011a,b). Indeed, in

these aforementioned studies it was demonstrated that the mechanical properties of scaffolds

turned out to be important for zonal lineage commitment. Thus, likewise hydrogels with

gradients of mechanical properties could induce zonal lineage commitment (Nguyen et al.,
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2011b; Zhu et al., 2017). Furthermore, the observed increase in elastic modulus remains in

the range of the reported literature values of approximately 0.020±0.003 MPa and 1.16±0.20

MPa (Antons et al., 2018b; Chen et al., 2001a).

Despite these promising results, there are several limitations of the present study that

should be considered. Only two digest concentrations (loose and dense scaffold) and three

crosslinker concentrations were evaluated (1x, 2x, 5x). To further tailor the scaffold prop-

erties, the range of digest concentrations should be extended. Further, the initial elastic

modulus of the loose scaffold was too low and thus the chondro-progenitors caused excessive

scaffold contraction. This issue was resolved in previous studies by increasing the mechanical

properties of the scaffolds in order to resist the contractile forces of the cells (Rowland et al.,

2016). Secondly, external cues such as growth factors, oxygen tension, cell density gradients

and mechanical stimulation might be implemented since these have been previously shown, to

similarly influence zonal lineage commitment (Cheng et al., 2009; Grad et al., 2005; Karimi

et al., 2014; Mhanna et al., 2013; Nguyen et al., 2011b; Wise et al., 2009). It should be

emphasized that in the present work no specific growth factors were supplemented in the cell

culture medium to induce zonal lineage commitment. We argued, that the seeded chondro-

progenitors would not require additional growth factors for zonal lineage commitment due

to their chondrogenic stability (Darwiche et al., 2012; Studer et al., 2017). Nonetheless, it

would be interesting to investigate a potential synergistic effect of decellularised articular

cartilage and external cues such as growth factors. Further, the porosity of the dense scaffolds

should be increased to enable a more effective cell ingrowth. To implement a higher porosity

of the scaffolds, salt leaching or unidirectional freezing could be utilized to enhance the

control of scaffold porosity (Abdel-Sayed et al., 2014; Hou et al., 2003; Nasrollahzadeh et al.,

2017; Rowland et al., 2016).

Taken together, the results of the present study suggest, that zonal lineage commitment

towards the superficial zone can be achieved without additional growth factors in scaffolds,

which are based on decellularised articular cartilage. Eventually these types of scaffolds

could similarly be used for effective delivery of other cell sources for enhanced treatments of

patients by inducing the cartilage superficial zone.
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Chapter 7

Discussion and Outlook

7.1 Clinical Situation

Articular cartilage defects cannot heal spontaneously as already stated by William Hunter in

1742: “From Hippocrates to the present age, it is universally allowed that ulcerated cartilage

is a troublesome thing and that, once destroyed, is never recovered” (Hunter, 1742). Cartilage

defects, if left untreated, further degrade over time and eventually cause degenerative joint

diseases such as osteoarthritis (Ding et al., 2010). Therefore, the main objective of orthopedic

surgeons is to treat cartilage defects as early as possible to prevent further damage (Vanlauwe

et al., 2011). The major drawback of current clinical treatments is that they all can only

create fibrocartilage or a mixture of fibro- and hyaline cartilage (Brun et al., 2008; Goldberg

et al., 2017; Oussedik et al., 2015). Fibrocartilage, contrary to native hyaline cartilage,

presents inferior mechanical properties and therefore degrades much faster than hyaline

cartilage (Mankin, 1974). For successful and long-lasting cartilage regeneration, it would

be crucial to have a treatment option that can create hyaline cartilage. One aspect that is

believed to be important for the neoformation of hyaline cartilage is a scaffold with a zonal

structure presenting mechanical properties similar to native cartilage (Klein et al., 2009;

Levett et al., 2014; Tatman et al., 2015). In line with this hypothesis, providing zone-specific

characteristics such as cell density, material composition or growth factors have formerly

demonstrated to promote zonal lineage commitment (Cheng et al., 2009; Grad et al., 2005;

Karimi et al., 2014; Mhanna et al., 2013; Nguyen et al., 2011b; Wise et al., 2009). It has

also been shown that even, when only the zonal mechanical properties were implemented

in scaffolds, the corresponding zone-specific cell behavior could be observed (Zhu et al.,

2017). So far, the best results were achieved, when mechanical properties were combined

with cell density and growth factors gradients (Karimi et al., 2014; Nguyen et al., 2011b).

All scaffolds used in the aforementioned studies consisted of synthetic polymers requiring
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further chemical modification to implement a certain bioactivity (Lutolf and Hubbell, 2005).

This limitation can be overcome with the use of biological materials which provide a higher

bioactivity due to presentation of extracellular matrix molecules with which cells can interact.

It has been shown that decellularised articular cartilage without additional growth factors or

chemical modifications has the ability of inducing chondrogenesis (Bautista et al., 2016; Beck

et al., 2016; Cheng et al., 2009; Hwang et al., 2007). Those materials should give even better

results when used with zone-specific mechanical properties. Therefore, the hypothesis of this

thesis is that scaffolds based on decellularised articular cartilage with tailored mechanical

properties can induce zonal lineage commitment without the use of additional zone-specific

characteristics such as growth factors or cell density.

7.2 Summary of the Findings, Discussion and Outlook

For a verification of the hypothesis, a novel type of scaffolds made from decellularised

articular cartilage needs to be developed. The development process was divided into three

aims. The first aim was to determine the zonal mechanical properties of human articular

cartilage with instrumented indentation (chapter four). This step was necessary, as no

reliable data for human tissues was available in the literature. The measurements were

performed on six freshly-frozen human cartilage samples retrieved during surgical inter-

vention in patients of different ages (20-70 years old). The results from the indentations

showed a consistent depth-dependent gradient of elastic modulus. Those measurements

were correlated to histological sections to determine the quality of the cartilage and detect

potential signs of degradation. The results of those measurements were later used to define

the mechanical properties of the developed scaffold. Nonetheless, the study had inherent

limitations. Instrumented indentation is quite sensitive to local differences and thus sample

degradation, sample preparation, and the surrounding environment can influence the accuracy

of the measurement. The interline-spacing of 800 μm in the indentation protocol might have

been too large and the elastic modulus in the adjacent lines already changed due to different

structure or composition. It should be noted that the study exclusively focused on the elastic

modulus. Yet, there are additional mechanical parameters such as the friction coefficient,

creep, fatigue resistance and toughness which also should be considered for the scaffold

design (Lu and Mow, 2008; Mow et al., 1984). Finally, the study only covered six human

samples and therefore results need to be validated in consecutive studies covering patients of

different age groups and disease stages. Extending the measurements in a larger study can

eventually create a “map” of mechanical properties for the fabrication of scaffold designs
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which are site-specific.

The second aim of the thesis was the development of an alternative decellularisation tech-

nique for bovine articular cartilage that could overcome the limitations of existing complex

and time-consuming protocols. The novel protocol was based on supercritical carbon dioxide,

a single-step technique which has already shown promising results in other tissues such as

aorta, cornea, esophagus and adipose tissues (Guler et al., 2017; Huang et al., 2017; Sawada

et al., 2008; Wang et al., 2017a) (chapter five). Supercritical carbon dioxide has liquid-like

density and gas-like transport properties and can therefore enhance both diffusion and cell

removal in articular cartilage (Schneider, 1978). Common decellularisation protocols consist

of lengthy tissue-specific protocols combining chemical and physical methods (Crapo et al.,

2011). The samples usually have to be immersed in rather aggressive detergents for a long

time due to the slow diffusion in denser tissues. The long exposure of the tissues to chemicals

negatively influences the bioactivity of the decellularised tissues (Gilbert et al., 2006) as well

as the mechanical properties (Crapo et al., 2011). The first tests to decellularise the cartilage

were performed with supercritical carbon dioxide and ethanol. Histology showed remaining

cell nuclei indicating that the decellularisation was not efficient. Attempts to optimize the

process parameters such as increasing the pressure, time and ethanol concentration were not

successful. In a second step the ethanol was replaced by a CO2-philic detergent as it was

hypothesized that the phospholipids of the cell membranes more easily dissolve in detergent

than in ethanol. This could be confirmed as the remaining DNA content in the CO2-philic

detergent-treated samples was lower than in the ones processed with ethanol. However, there

were still visible cell nuclei and the DNA content was not below the required threshold of 50

ng dsDNA/mg dry tissue (Crapo et al., 2011). The only way to approach this limit was to add

additional steps to the protocol such as freeze-thaw cycles, osmotic shock and enzymatic

treatment. With this extended protocol a satisfying decellularisation of bovine articular carti-

lage was demonstrated. The initial theory of using the developed decellularisation protocol

as a single-step technique for both decellularisation and sterilization of the cartilage was

not achieved. However, it is not excluded that a more powerful set-up enabling a higher

pressure with defined pressure cycles could still fully decellularise articular cartilage in a

single step. Nevertheless, the developed technique could have the advantage of including

decellularisation and sterilization in a single-step. This is due to the reported usability of

supercritical carbon dioxide as gentle sterilization technique (Bernhardt et al., 2015). In

future studies this effect has to be studied in more detail using standard sterility testing

protocols. For the study presented in chapter five, no further sterilization was done and no

problems with contamination were observed. Established immersion-based decellularisation
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protocols require additional sterilization steps using acids, alcohols, ethylene oxide and

gamma irradiation (Freytes et al., 2008; Hodde and Hiles, 2002). These sterilization methods

have been shown to negatively influence the ECM and mechanical properties (Rosario et al.,

2008; Sun and Leung, 2008). First attempts to recellularise the decellularised tissue samples

failed due to the very dense matrix of cartilage which inhibits cell-ingrowth.

The third aim of the thesis was then the fabrication of porous scaffolds with tailorable

mechanical properties from decellularised articular cartilage (chapter six). The developed

protocol has four main steps. In a first step, bovine articular cartilage is enzymatically digested

and filtered generating a viscous cartilage slurry. In a second step, this slurry was transferred

into molds and lyophilized resulting in uncrosslinked scaffolds. Then, these scaffolds were

decellularised with supercritical carbon dioxide. As the digestion and lyophilization of artic-

ular cartilage increased the porosity of the samples, it was found that the decellularisation

procedure described in chapter five was already efficient with ethanol. It could be shown

that the scaffold were successfully decellularised while conserving mechanical properties,

ultrastructure and cell adhesion molecules. Contrary to the detergent, the use of the less

aggressive and volatile ethanol has the advantage of not requiring long washing steps after

decellularisation. Digestion prior to lyophilization also allows tailoring the mechanical

properties of the scaffolds by changing the cartilage digest concentration. As a result, the

mechanical properties of the superficial zone could be mimicked. However, with the chosen

digest concentration the higher mechanical properties of middle, deep and calcified zone

of human articular cartilage were not achieved (Antons et al., 2018b). When seeding those

scaffolds with human chondro-progenitors it could be confirmed that for scaffolds based on

decellularised cartilage the matching mechanical properties alone are sufficient to induce

zone-specific cell behavior without additional stimuli. Immunohistochemistry revealed that

after 14 and 28 days of cell culture without additional growth factors the chondro-progenitors

expressed the superficial zone-specific protein lubricin. Those results are not only aligned

with earlier findings that decellularised matrices have a chondrogenic effect even without

the use of additional growth factors (Cheng et al., 2009, 2011; Ghosh et al., 2018), but

also confirm the hypothesis of this thesis. Nonetheless, the study had several limitations.

Firstly, only few digest and crosslinker concentrations were investigated. The selection of

the digest concentration was based on a former study using digested decellularised cartilage

for bioinks (Pati et al., 2014; Visser et al., 2015). Similarly, the crosslinking concentration

was inspired by a previous study with decellularised cartilage (Rowland et al., 2013). It

would be interesting to study more digest concentrations and test the effect of different

crosslinker modalities and concentrations. Secondly, the presence of lubricin was examined
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only qualitatively by immunohistochemistry, quantitative tests should be conducted in future

studies for the evaluation of different scaffold conditions. An enzyme-linked immunosorbent

assay (ELISA) or gene expression analysis of zone-specific genes could be used for this

purpose (Khala et al., 2007; Mhanna et al., 2013; Niikura and Reddi, 2007). Thirdly, there

is also high interest in mimicking the other zones of articular cartilage. As it will be very

challenging to reproduce those rather rigid zones with comparably soft decellularised carti-

lage scaffolds, structural support by other materials could be a possible solution. It has been

shown that these properties can be achieved for example with 3D printed matrices which

target the deep and calcified zone of articular cartilage (Marascio et al., 2017). Those dense

structures could then be immersed with the here presented scaffold material. Finally, the

cell penetration into the developed scaffolds should be improved by further enhancement

of their porosity. One possible porogene technique is salt-leaching with defined salt-crystal

sizes (Abdel-Sayed et al., 2014; Hou et al., 2003; Nasrollahzadeh et al., 2017).

Taken together, the here presented scaffolds are a first step towards improved scaffolds

for articular cartilage repair. By providing enhanced bioactivity with matching mechanical

properties the scaffolds could support the formation of pure hyaline cartilage. As a direct

application, this could significantly improve the outcome of Autologous Chondrocytes

Implantation and Microfracture.
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