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Summary 

 

Strategies for engineering cartilage with improved content 

and organization 

Articular cartilage damage caused by trauma or degenerative diseases such as 

osteoarthritis is a serious public health problem. It is the primary cause of disability 

for people over the age of 45, due to symptoms as pain, stiffness and loss of mobility. 

Due to the absence of vasculature, nerves and lymphatics, articular cartilage is 

unable to repair itself, resulting in a permanent defect and formation of mechanically 

inferior fibrocartilage. Tissue engineering is a promising approach for the treatment 

of cartilage injuries, as it may eventually allow for production of engineered tissue 

indistinguishable from native cartilage. An important advantage of using tissue-

engineered material is that you implant a healthy, living tissue. Therefore it is more 

likely to integrate with the surrounding cartilage tissue. Current tissue-engineered 

cartilage is not suitable for implantation, because of its insufficient mechanical 

properties. Two major contributors to this poor mechanical quality are explored in 

this thesis. First, only 15-35% of the native collagen content is reached in tissue-

engineered cartilage. Second, native extracellular matrix (ECM) organization on 

macro- and micro-scale is not reproduced. This thesis aims to improve the 

mechanical quality of tissue-engineered cartilage by exploring approaches to 

enhance both collagen content and ECM organization.  

Since our studies are to a great extent dependent on mechano-responsiveness of 

chondrocytes, we had to establish an appropriate culture model, which then could 

be used to transmit mechanical forces to the chondrocytes. A well-characterized and 

widely used model system involves the culturing of chondrocytes in agarose. We 

demonstrated that loading applied on 3% agarose constructs was sensed and 

transduced by the embedded chondrocytes. We found that RGD-dependent integrins 

were involved in mediating compression-induced alterations in ECM gene expression 

and protein production, and that this effect was dependent on the loading frequency 

applied.  

We observed in our and other studies that ECM is deposited mainly in a dense 

pericellular layer close to the chondrocytes. This inhomogeneity at the micro-scale is 

believed to negatively affect mechanical properties of the engineered tissue. 

Therefore, we aimed at improving ECM distribution at the micro-scale in 

chondrocyte-seeded agarose constructs. We demonstrated that distribution of ECM 
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components was more uniform throughout the constructs when these were cultured 

with no or low agarose concentration, and when cultured in presence of growth 

factor TGF-β3.  

Zonal characteristics in matrix content and distribution at the macro-scale have 

shown to be essential for the mechanical functioning of cartilage tissue, but are not 

reproduced in tissue-engineered cartilage. Therefore, our next aim was to create 

depth-dependent zonal variations in engineered cartilage constructs. We explored 

the hypothesis that depth-dependent mechanical cues, induced by a loading method 

called ‘sliding indentation’, would stimulate ECM synthesis depth-dependently. 

Numerical evaluation of this sliding indentation loading regime has shown that it can 

induce depth-varying strain fields in chondrocyte-seeded agarose constructs. This 

resulted in a depth-dependent response by the embedded chondrocytes and is 

major asset of using sliding indentation over alternative, regular loading protocols for 

tissue engineering, such as unconfined compression. 

Another shortcoming of current tissue-engineered cartilage is its low collagen 

fraction. Since the mechanical function of collagen in articular cartilage is to resist 

tension, we postulated that in order to stimulate collagen formation we need to 

apply tension to the engineered cartilage constructs. Dynamic tension was applied by 

the aforementioned sliding indentation loading regime. In two separate studies, we 

demonstrated that application of dynamic tension induced by sliding indentation 

stimulated collagen type II production both in chondrocyte-seeded agarose 

constructs and periosteum-derived cartilage. Interestingly, in the periosteal explants 

the type of produced tissue could be tuned, ranging from collagen type I rich fibrous 

tissue by only sliding indentation to cartilage with high amounts of collagen type II by 

sliding indentation in presence of TGF-β.  

In conclusion, it has been shown that application of sliding indentation leads to 

increased collagen fractions and depth-dependent ECM distribution in tissue-

engineered cartilage. Furthermore, it was demonstrated that ECM distribution at the 

micro scale appears more homogeneous in constructs cultured with no or low 

concentration agarose and in presence of TGF-β3. These findings may be used to 

define the optimal culture conditions for tissue engineering of cartilage with native 

collagen content, depth-dependent matrix organization, and sufficient mechanical 

properties. These properties are of pivotal importance for the engineering of 

mechanically stable, functional tissue-engineered cartilage. 
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1.1 Articular cartilage 

Articular cartilage is the thin layer of soft tissue lining the articulating ends of bones 

in the synovial joints, such as the knee, hip, ankle and shoulder (Figure 1.1). The 

function of articular cartilage is to provide a low-friction environment for joint 

movement, and to distribute and transmit mechanical loads to the subchondral bone. 

 

Figure 1.1 Photograph of the thin layer of articular cartilage (arrow) and the supporting bone in 

an ovine cannon bone (courtesy of Mark van Turnhout).  

Articular cartilage damage caused by trauma or degenerative diseases such as 

osteoarthritis (OA) is a serious public health problem. It is the primary cause of 

disability for people over the age of 45, due to symptoms as pain, stiffness and loss 

of mobility. Due to the absence of vasculature, nerves and lymphatics, the intrinsic 

regenerative ability of the tissue is low and cartilage degeneration is progressive 

(Hunziker 1999; Campbell 1969).  

Current clinical treatment strategies like debridement, microfracture, 

mosaicplasty, and autologous chondrocyte implantation have varying success rates, 

but average long term results are unsatisfactory (Kreuz et al. 2006; Redman et al. 

2005; Bentley et al. 2003; Hunziker 2002; Buckwalter and Mankin 1998). The main 

problem with these therapies is that the defects are mostly repaired with 

fibrocartilage which lacks the native structural organization of articular cartilage. 

Therefore, the repair tissue has inferior mechanical properties and is prone to failure. 

Cartilage tissue engineering has been introduced as a promising method to 

circumvent this problem. The contribution that in vitro cartilage tissue engineering 

can make is that it can deliver a functional articular cartilage instead of fibrocartilage. 
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Because such implant has more appropriate mechanical properties for its function, it 

is more likely to survive the mechanical conditions in a joint. One ultimate goal in this 

field of research is the development of a replacement tissue that has a structure and 

composition resembling native cartilage, yielding similar mechanical behavior and 

can fully restore the functionality at the implant site. 

 

1.2 Biochemical composition 

Articular cartilage consists of a highly organized extracellular matrix (ECM) sparsely 
populated with one type of cells called chondrocytes (Figure 1.2). The ECM primarily 
consists of water, proteoglycans, collagen, and a small fraction of non-collageneous 
proteins. 

 
Figure 1.2 Schematic illustrations the main components of articular cartilage. 1) Collagen II fibril 

(diameter ~100 nm); 2) Collagen IX molecule; 3) Proteoglycan molecule; 4) Hyaluronic acid 

backbone and 5) link protein connecting the proteoglycan core protein to the hyaluronic acid 

backbone. Chondrocyte representation is approximately one tenth of actual size (~10 micrometer) 

(courtesy of Wim Wouters). 

 

1.2.1 Chondrocytes 

Chondrocytes are originally derived from mesenchymal stem cells, which 

differentiate during development to the chondrocytes phenotype, and occupy 

approximately 2%-5% of the total volume (Gilmore and Palfrey 1988; Goldring 2006). 

Since articular cartilage is avascular, chondrocytes obtain nutrients by diffusion from 

the synovial fluid (Archer et al. 1990). The primary function of chondrocytes is to 

synthesize ECM during development and to maintain the integrity of the tissue 

against normal wear and tear. To this purpose chondrocytes adjust their anabolic 

1 

2 

3 

3 
4 

3 
5 

3 
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and catabolic behaviour in response to a variety of external stimuli, including growth 

factors, cytokines, matrix composition, mechanical loads and hydrostatic pressure. 

 

1.2.2 Proteoglycans 

Proteoglycans constitute 4%-7% of the wet weight of cartilage and consist of a 

protein core to which polysaccharide chains called glycosaminoglycans (GAGs) are 

attached. The primary proteoglycan in articular cartilage is aggrecan, which consists 

of a central core protein with highly negatively charged chondroitin-sulphate and 

keratan-sulphate attached to it (Kiani et al. 2002). Aggrecan associates with 

hyaluronan via a small glycoprotein, link protein, to form aggregates. These 

negatively charged aggregates attract water (70% of the wet weight) and generate a 

swelling pressure (Maroudas et al. 1969; Venn and Maroudas 1977). The fluid is 

important for the mechanical function of the cartilage. Mechanical compression of 

the cartilage causes quick pressurization of the fluid within the tissue, which 

supports the load. In diseases like osteoarthritis, loss of proteoglycans results in a 

lack of fluid pressurization. Consequently, load is carried by the solid matrix rather 

than by the fluid, which makes the tissue vulnerable to damage.  

 

1.2.3 Collagens 

Collagen is the primary protein in articular cartilage and it constitutes approximately 

10%-20% of the wet weight of the tissue. Of the collagens present in articular 

cartilage, 90%-95% is collagen type II. The remaining collagen is mainly type IX, XI, VI 

and X. Collagen type II is a fibril-forming collagen consisting of three identical left 

handed alpha helices that are supercoiled in a right-handed triple helix (Gelse et al. 

2003). This triple helix is excreted by the chondrocyte. After cleavage of the 

propeptides, the remaining triple helices self-assemble into quarter staggered fibrils 

of 10 to 100 nm in diameter (Mendler et al. 1989). Collagen type IX fibrils mediate 

matrix-stabilizing interactions with the collagenous and proteoglycan matrix 

(Vaughan et al. 1988). Collagen type XI limits the fibril diameter in vivo (Mendler et al. 

1989; Keene et al. 1995) and has been shown to be essential for structural integrity 

of the collagen network (Li et al. 1995). Type VI collagen is supposed to play an 

important role in the organization of the pericellular matrix and to anchor 

chondrocytes in their surrounding extracellular matrix (Poole et al. 1988). Collagen X 

is normally restricted to the thin layer of calcified cartilage that interfaces articular 

cartilage with bone (Eyre 2002). The various types of collagen interconnect with each 

other via crosslinks. Normal crosslinking is mediated by the enzyme lysyl-oxidase 

which can form several types of crosslinks, including pyridinoline and ketoimine 

linkages (Responte et al. 2007). 
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The primary function of the collagen fibril network is to provide the tensile 

properties of the tissue. The collagen network is strongly attached to the 

extrafibrillar matrix by a large amount of non-covalent interactions between (non-

collagenous) proteins and glycosaminoglycans and counteracts the swelling pressure 

generated by the proteoglycans and provides tensile stiffness to the tissue.  

 

1.3 Structure  

In articular cartilage, two types of matrix organization can be distinguished. The first 

type of organization involves its depth-varying composition and structure at the 

macro-scale. The second type of organization is at the micro-scale, where the matrix 

composition and structure vary with respect to distance from the chondrocyte. 

 

1.3.1  Zonal structure 

Cartilage exhibits a unique zonal organization with water content, proteoglycan 

content, collagen content and structure and chondrocyte shape varying throughout 

the depth of the tissue, which plays a critical role in the mechanical properties of the 

tissue (Fetter et al. 2006; Hunziker et al. 2002; Klein et al. 2009). Generally, a 

superficial, middle and a deep zone of articular cartilage can be distinguished on top 

of the calcified cartilage (Figure 1.3).  

 

Figure 1.3 Anisotropic distribution and orientation of collagen fibers and chondrocytes within the 

superficial, middle, and deep or lower zones of articular cartilage. 
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The number of chondrocytes decreases from the articular surface to the deep 

zone, but individual cell volume is larger in the deep zone compared to the 

superficial and middle zone (Gilmore and Palfrey 1988). Proteoglycan content 

increases with distance from the articular surface, resulting in a decrease in 

compressive modulus by an order of magnitude from the superficial to the deep 

zone (Bayliss et al. 1983; Franzen et al. 1981). Collagen content and fibril diameter 

both increase from articular surface to subchondral bone (Clark 1991; Hughes et al. 

2005; Minns and Steven 1977).  

The most distinguishing feature however, is the arrangement of the collagen fibril 

network throughout the tissue. In the superficial zone, at the articulating surface, 

thin diameter type II collagen fibers are oriented parallel to the surface. The 

superficial zone is relatively soft and functions to increase contact area and to 

distribute load. In the middle zone, collagen fibril orientations appear to be randomly 

distributed (Minns and Steven 1977; Rieppo et al. 2009; Teshima et al. 1995). The 

collagen fibrils in the deep zone are predominantly oriented perpendicular to the 

subchondral bone (Responte et al. 2007; Clark 1991; Minns and Steven 1977). This 

so-called arcade-like organization of the collagen fibrils is believed to be of great 

importance for the mechanical functioning of cartilage (Williamson et al. 2001; 

Korhonen et al. 2008). The inhomogeneous and anisotropic collagen structure 

determines depth-dependent tensile and shear properties of the articular cartilage, 

but may also contribute to compressive properties (Kempson et al. 1968).  

 

1.3.2  Territorial structure 

Apart from the zonal structure, cartilage matrix has a particular micro-structure, 

oriented with respect to the proximity to the chondrocyte. Chondrocytes are 

surrounded by a narrow range of pericellular matrix, which contains a high 

concentration of proteoglycans (e.g. aggrecan, hyaluronan, and decorin) and a fine 

arrangement of collagen fibers, mainly type VI (Poole 1997; Hunziker et al. 1983; 

Poole et al. 1988). The function of the pericellular matrix is not fully understood, but 

it is hypothesized to have important biological and biomechanical functions, 

especially during compressive loading (Poole et al. 1987; Guilak et al. 2006).  

The territorial matrix is the region that surrounds immediately the pericellular 

matrix and consists of collagen type II and proteoglycans. The concentration of 

proteoglycans is higher compared to the surrounding interterritorial matrix and the 

region exhibits a finer collagen structure (Hunziker et al. 1997). The interterritorial 

compartment represents the bulk portion of the extracellular cartilage matrix and 

contains large collagen type II fibers and varying concentrations of proteoglycans. 
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Because the interterrititorial matrix occupies the largest volume in human articular 

cartilage and it is the stiffest part of the matrix, it is the main part of the tissue that 

determines the mechanical properties of the tissue (Choi et al. 2007a).  

 

1.4 Rationale and outline  

Cartilage tissue engineering aims to engineer functional cartilage tissue in vitro for 

implantation in vivo. The current status of tissue-engineered cartilage is reviewed in 

more detail in chapter 2. This chapter outlines the issues related to the composition, 

structure and functionality of tissue-engineered cartilage. Particularly, focus will be 

on the parameters cell source, signaling molecules, scaffolds and mechanical 

stimulation.  

A well-characterized and widely used model system for articular cartilage involves 

the culturing of chondrocytes in agarose. Several studies have investigated the 

effects of mechanical loading in this system and it has been shown that integrins can 

act as mechanotransducers. In chapter 3 we investigate whether RGD-dependent 

integrins are involved in mediating compression-induced alterations in ECM gene 

expression and ECM production in chondrocytes embedded in agarose. This is 

important to elucidate, since our studies fully depend on mechano-responsiveness of 

chondrocytes in agarose. 

Distribution of the matrix components in tissue-engineered cartilage influences its 

quality. We observed in our and other studies that ECM is deposited mainly in a 

dense layer close to the cells. We hypothesize that using lower agarose 

concentrations will result in a more homogeneous matrix distribution throughout 

engineered cartilage constructs, and that this will affect the mechanical properties of 

the construct. These hypotheses are investigated in chapter 4. 

Considering the importance of depth-dependent zonal variations in native 

articular cartilage, recent studies have aimed at engineering cartilage with zonal 

composition, using cell- and scaffold-based methods. In chapter 5 we explore an 

alternative approach to induce depth-varying inhomogeneity within chondrocyte-

seeded agarose constructs, which is based on the hypothesis that applying depth-

dependent mechanical cues will stimulate ECM synthesis depth-dependently.  

The importance of a sufficient collagen content and structure is extensively 

discussed in chapter 2. Since the function of collagen in cartilage is to resist tension, 

we hypothesize that application of dynamic tension to tissue-engineered cartilage 

constructs will enhance collagen synthesis. In chapter 6 and 7, we investigate 

whether application of dynamic tension indeed stimulates collagen production in 
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periosteum-derived cartilage embedded between agarose layers (chapter 6) as well 

as in chondrocyte-seeded agarose constructs (chapter 7).   

Finally, chapter 8 presents a general discussion of the main findings and provides 

some recommendations for future research.  

 



 

 

 

2 
 

Tissue engineering of functional 

articular cartilage:  

The current status 

 

 

 

 

 

 

 

 

The contents of this chapter are based on: Linda M. Kock, Corrinus C. van Donkelaar 

and Keita Ito (2011). Tissue engineering of functional articular cartilage: the current 

status. Cell Tissue Res, in press.  
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2.1  Introduction 

Osteoarthritis is a degenerative joint disease characterized by pain and disability 

(Temenoff and Mikos 2000). It involves all ages and in people aged >65, 70% of the 

people have some degree of osteoarthritis (Engel 1968). Natural cartilage repair is 

limited because the intrinsic regenerative ability of the tissue is low and cartilage 

lesions in case of trauma or diseases tend to progressively degrade (Hunziker 2002; 

Buckwalter and Mankin 1998). Current clinical treatment strategies like mosaicplasty, 

autologous chondrocytes injection and microfracture have varying success rates, but 

average long term results are unsatisfactory (Kreuz et al. 2006; Redman et al. 2005; 

Bentley et al. 2003; Hunziker 2002; Buckwalter and Mankin 1998). A general 

drawback of these therapeutic strategies is that the newly formed tissue lacks the 

structural organization of cartilage and has inferior mechanical properties compared 

to native tissue, and is therefore prone to failure (Hunziker 2009). The contribution 

that in vitro cartilage tissue engineering can make is to create a more durable and 

functional replacement of the degenerated tissue, which is therefore more likely to 

survive the mechanical conditions in a joint after implantation. One ultimate goal in 

this field of research is to develop a replacement that has a structure and 

composition resembling native cartilage, yielding similar mechanical behavior and 

can fully restore joint functionality. 

This chapter will focus on issues related to functionality of tissue-engineered 

cartilage. First, we discuss the most important parameters for cartilage tissue 

engineering studies, including cell source, signaling molecules, scaffolds and 

mechanical stimulation. Second, we will discuss the current status of tissue 

engineering of cartilage, with focus on ECM content, structure and its functionality. 

 

2.2 Important parameters for cartilage tissue engineering 

 

2.2.1  Cell source 

The ideal cell source for cartilage tissue engineering is one that can easily be isolated 

and expanded, and synthesizes abundant cartilage-specific extra-cellular matrix 

components, e.g., aggrecan and type II collagen. The most investigated cell sources 

for their potential in cartilage tissue engineering are chondrocytes and stem cells (for 

a detailed overview we refer to table 1 in (Chung and Burdick 2008).  
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2.2.1.1 Chondrocytes 

Chondrocytes are the most obvious cell source. They are able to produce, maintain 

and remodel the cartilage ECM in vitro. However, only a small number of autologous 

chondrocytes is available, and cells harvested from diseased joints are relatively 

inactive. Unfortunately, chondrocyte expansion in monolayer causes 

dedifferentiation characterized by decreased proteoglycan synthesis and type II 

collagen expression and increased type I collagen expression (Darling and Athanasiou 

2005b; Goessler et al. 2004; Goessler et al. 2005). The age of chondrocytes is also an 

issue that needs to be considered. In most cartilage tissue engineering studies 

chondrocytes from immature animals are used, which proliferate faster and have 

increased chondrogenic potential compared to chondrocytes from older human 

donors (Hidaka et al. 2006; Pestka et al. 2011). Unfortunately, chondrocytes from 

older (OA) patients are metabolically less active in vitro (Wenger et al. 2006; Dehne 

et al. 2009). Even though these limitations can be partly counteracted with altered 

culture conditions such as rotating bioreactor cultures (Marlovits et al. 2003), culture 

in serum-free media (Giannoni et al. 2005), culture with reduced oxygen tension 

(Foldager et al. 2011; Strobel et al. 2010) and the addition of growth factors (Barbero 

et al. 2004; Terada et al. 2005), the use of these cells for cartilage repair is not 

favorable. Another disadvantage of the use of isolated articular chondrocytes is 

morbidity at the donor site and loss of joint function. 

 

2.2.1.2 Stem cells 

A possible solution for overcoming the limited supply of primary chondrocytes is the 

use of multipotent stem cells, mainly from bone marrow and adipose tissue. Bone 

marrow-derived stem cells (BMSCs) can be easily obtained and can be induced to 

differentiate into chondrocytes, even after expansion (Song et al. 2004; Boeuf and 

Richter 2010). Chondrogenic differentiation of BMSCs for cartilage tissue engineering 

purposes is facilitated by the application of TGF-β in various 3D culture environments 

(Worster et al. 2001; Mauck et al. 2006; Angele et al. 1999; Li et al. 2005; Coleman et 

al. 2007; Williams et al. 2003; Meinel et al. 2004a; Wang et al. 2005; Chen et al. 2004; 

Buxton et al. 2011; ves da Silva et al. 2010). The main limitation of the use of BMSCs 

for cartilage tissue engineering is that matrix accumulation and the subsequent 

mechanical properties of BMSC-laden constructs are lower than those of 

chondrocyte-seeded constructs (Erickson et al. 2009; Mauck et al. 2007; Thorpe et al. 

2010; Vinardell et al. 2010). A possible explanation could be that during culture in 

vitro BMSCs increase expression of collagen type X, which is a hypertrophic 

chondrocyte marker (Barry et al. 2001; Koga et al. 2009). Some reports showed that 

the expression of hypertrophic-related genes could lead to cell death or calcification 
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followed by vascularization when implanted (De Bari et al. 2004). Furthermore, 

BMSCs continue to express collagen type I (Steck et al. 2005). Recently, several 

promising data have been published that show the feasibility of inhibiting collagen 

type I and X expression and thereby controlling the chondrogenic differentiation 

pathway of BMSCs (Rampersad et al. 2011; Petit et al. 2011; Bian et al. 2011; Fischer 

et al. 2010).  

Adipose-derived stem cells (ADSCs) have shown to be capable of differentiating 

into chondrocytes in 3D culture systems in the presence of ascorbate, 

dexamethasone and TGF-β (Estes and Guilak 2011; Ronziere et al. 2010; Puetzer et al. 

2010; Buckley et al. 2010; Diekman et al. 2010). In these studies production of 

cartilage-specific matrix components was reported as well as increased mechanical 

properties. Even though ADSCs are able to differentiate into chondrocytes, their 

chondrogenic potential is lower compared to BMSCs, which suggests that more 

research needs to be done to improve the chondrogenic potential of ADSCs.  

Besides bone marrow and adipose tissue, also other sources such as muscle, 

synovium and periosteum are being investigated for cartilage tissue engineering 

purposes, which all have been shown to have chondrogenic potential, but which is 

still lower compared to BMSCs and/or ADSCs (Salgado et al. 2006; Li et al. 2011; 

O'Driscoll 1999). 

 

2.2.2  Signaling molecules 

Several cytokines, hormones and growth factors are known to influence the anabolic 

and catabolic processes by chondrocytes. Therefore, a number of growth factors, 

including transforming growth factor (TGF-β), insulin-like growth factor (IGF-1), bone 

morphogenetic proteins (BMPs), and to a lesser extent fibroblast growth factors 

(FGFs) and epidermal growth factor (EGF), have been used in cartilage tissue 

engineering studies in vitro to promote the chondrogenic phenotype, to stimulate 

ECM production and to promote chondrogenesis of MSCs.  

Members of the TGF-β superfamily play a major role in cartilage development and 

repair. Mainly the isoforms TGF-β1, 2 and 3 enhance chondrocyte proliferation and 

increase ECM synthesis by chondrocytes (Morales 1991; Bujia et al. 1996; van der 

Kraan et al. 1992). Further, TGF-β1 and 3 promote chondrogenesis of MSCs (Grimaud 

et al. 2002; Li et al. 2005; Schulz et al. 2008b; Puetzer et al. 2010; Xu et al. 2008). IGF-

1 can stimulate the anabolic activity of chondrocytes and can induce chondrogenesis 

of MSC cell types (Yoon and Fisher 2008; Veilleux and Spector 2005; Kurth et al. 2007; 

Indrawattana et al. 2004; Fukumoto et al. 2003a; Gooch et al. 2001; Seifarth et al. 

2009). BMPs, especially BMP-2 and BMP-7, promote chondrogenesis of MSCs and 
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increase matrix production by chondrocytes and MSCs (Kurth et al. 2007; Park et al. 

2005; Hicks et al. 2007; Kaps et al. 2002). 

 

2.2.2.1 Combinations of signaling molecules 

Administration of a combination of growth factors to chondrocyte and MSC cultures 

in vitro may increase their impact. For example, combinations of IGF-1/TGF-β1, IGF-

1/TGF-β2, IGF-1/BMP-2 and IGF-1/bFGF/TGF-β2 exerted additive anabolic effects on 

chondrocytes and stimulated ECM synthesis (Chua et al. 2004; Seifarth et al. 2009; 

Wiegandt et al. 2007; Elder and Athanasiou 2009; Yasuda et al. 2006). However, 

other studies reported that combinations of IGF-1/TGF-β, bFGF/ TGF-β and FGF-

2/IGF-1 did not further improve histological features or mechanical performance of 

the engineered cartilage (revalo-Silva et al. 2001; Veilleux and Spector 2005).  

Combinations of growth factors have also been used to induce chondrogenic 

differentiation of MSCs. For example, a combination of IGF-1 and TGF-β1 induced 

chondrogenic differentiation of MSCs (Xiang et al. 2007), combinations of TGF-

β2/BMP-7, TGF-β2/BMP-6, TGF-β2/BMP-2 and TGF-β2/IGF-1 promoted 

chondrogenesis of MSCs, with TGF-β2/BMP-7 being most effective (Kim and Im 2009; 

Im et al. 2006). Also combinations of TGF-β3 with BMP-2, BMP-4, BMP-6 and IGF-1 

have been shown effective, both in monolayer and 3D cultures (Sekiya et al. 2005; 

Hennig et al. 2007; Indrawattana et al. 2004; Takagi et al. 2007).     

 

2.2.2.2 Dose and timing of administration 

It has become clear that the effect of application of signaling molecules is not only 

dependent on the type of factor that is applied, but other parameters are involved, 

such as dose and timing of administration and the cell type on which they act. For 

example, transient application of TGF-β3 resulted in higher compressive properties 

and GAG content of chondrocyte-laden hydrogels (Lima et al. 2007; Byers et al. 2008) 

and MSC laden constructs (Huang et al. 2009; Mehlhorn et al. 2006; Caterson et al. 

2001), compared to continuous application of TGF-β3. It has been suggested that 

TGF-β may act to ‘prime the pump’, which makes continuous application superfluous. 

Other studies have employed sequential growth factor addition with the goal of first 

increasing proliferation within the constructs with a combination of FGF-2/TGF-β1 

followed by enhancing matrix production with IGF-1 (Pei et al. 2002).  

In most cartilage tissue engineering studies the commonly used concentration of 

growth factors such as TGF-β, FGF-2 and BMPs is 10 ng/ml (Ahmed and Hincke 2010). 

However, continuous treatment of chondrocytes in agarose with 1, 2.5, 5 and 10 
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ng/ml TGF-β resulted in comparable enhancement of physical and biochemical 

properties (Byers et al. 2008). 

 

2.2.3  Mechanical stimulation 

A well-established cue for improving the mechanical properties of tissue-engineered 

cartilage is mechanical stimulation. Bioreactors have been developed to apply 

mechanical loading regimes to cell-seeded constructs (for a detailed overview we 

refer to tables and figures in (Schulz and Bader 2007). Direct confined or unconfined 

compression and hydrostatic pressure are the two most investigated loading regimes 

in cartilage tissue engineering studies.  

Direct dynamic compression applied to chondrocyte-seeded constructs generally 

induces increased ECM production and/or proliferation and has shown to improve 

compressive properties of the engineered tissue (Bian et al. 2010b; Kock et al. 2009; 

Kelly et al. 2006; Kisiday et al. 2004; Mauck et al. 2002). More recently, dynamic 

compression has been applied to MSC-seeded constructs, where it stimulated the 

accretion of cartilage-like extra-cellular matrix (ECM) components relative to 

unloaded controls (Mauck et al. 2007; Kisiday et al. 2009; Park et al. 2006; Thorpe et 

al. 2010). Application of hydrostatic pressure in vitro has improved the properties of 

tissue-engineered cartilage (Hu and Athanasiou 2006b; Miyanishi et al. 2006b; 

Miyanishi et al. 2006a). However, as with direct compression, the outcomes of these 

studies depend largely on the loading parameters used. Besides the effect on 

metabolic activity of the cells, hydrostatic pressure also stimulates the chondrocytic 

phenotype of chondrocytes in vitro (Candiani et al. 2008; Heyland et al. 2006; 

Kawanishi et al. 2007). Furthermore, hydrostatic pressure has been used to stimulate 

chondrogenic differentiation of BMSCs (Luo and Seedhom 2007; Miyanishi et al. 

2006b; Miyanishi et al. 2006a; Wagner et al. 2008), ADSCs (Ogawa et al. 2009), and 

synovium-derived stem cells (Sakao et al. 2008) with promising results. 

Other loading regimes that have been investigated are shear loading, 

sliding/rolling indentation loading, tensile loading, centrifugal force, and gravity 

(Darling and Athanasiou 2003b; Darling and Athanasiou 2003a; Schulz and Bader 

2007; Khoshgoftar et al. 2011; Sun et al. 2010; Wimmer et al. 2009) and generally 

show mixed results. In conclusion, it is necessary to investigate which specific 

(combinations of) mechanical stimuli, as well as their parameters, results in optimal 

response of the cells in cultured constructs. 
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2.2.4  Scaffolds 

The goal of the use of biomaterial scaffolds in cartilage tissue engineering is to 

provide the cells with a comfortable niche which stimulates cells to synthesize 

cartilage matrix, and to (temporarily) replace the function of the native matrix, until 

new cartilage has formed. To fulfill that function, the scaffold should preferably a) be 

biodegradable in a controlled way without toxic byproducts, b) have a porosity that 

allows diffusion of nutrients and waste products, c) support cell viability, 

proliferation, differentiation and ECM production, d) be able to fix to and integrate 

with the tissue at the defect site, and e) give mechanical support to the engineered 

tissue. Many natural and synthetic polymers have been used as scaffold material in 

cartilage tissue engineering (for a detailed overview we refer to table 1 in (Ahmed 

and Hincke 2010). 

 

2.2.4.1 Types of scaffold 

Natural polymers can be subdivided into protein-based, such as silk, fibrin and 

collagen, and carbohydrate based, such agarose, alginate, hyaluronan and chitosan. 

Many of these are hydrogels, which makes them appropriate for engineering tissues 

such as cartilage, which have high water content. These can be designed as 

injectable in liquid form, which mixes well with chondrogenic cells. The most 

attractive feature of hydrogels is that cartilage cells encapsulated in the scaffold 

maintain their spherical chondrocyte phenotype and do not (de)differentiate. 

Hydrogels are interesting for studies in which mechanical loading is used, because 

they are able to transduce mechanical loads such that forces can be exerted on the 

cells (Spiller et al. 2011). Finally, natural scaffold materials, particularly fabricated by 

biologics, are believed to permit natural ECM remodeling with construct maturation 

(Chung et al. 2006; Burdick et al. 2005; Li et al. 2005; Welsch et al. 2010).  

The most widely used synthetic polymeric scaffolds in cartilage tissue engineering 

are the poly-α-hydroxy esters, especially polylactic acid (PLA) and polyglycolic acid 

(PGA) because of their biodegradability and US Food and Drug Administration (FDA) 

approval for clinical use (Yoon and Fisher 2006). Scaffolds made of these polymers 

have better mechanical strength than hydrogels, which makes it easier to fix them in 

a defect (Munirah et al. 2008). In addition, it is easier to modify the properties of 

these scaffolds, which makes it easier to tune for example degradation 

characteristics, structure and mechanical strength. A disadvantage of synthetic 

polymers is that cells often do not maintain their chondrocytic phenotype and 

produce ECM with inferior structural and mechanical properties (Chen et al. 2003).   
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2.2.4.2 Scaffold architecture, porosity and stiffness 

Porosity, pore size and interconnectivity of scaffold materials are important since 

these properties influence cell migration and diffusion of oxygen, nutrients, waste 

products and signaling molecules (Nuernberger et al. 2011). For example, 

inhomogeneous oxygen delivery from the periphery towards the center of cell-

seeded constructs may lead to cell death in the central regions but not in the 

periphery (Volkmer et al. 2008; Malda et al. 2004; Sengers et al. 2005a; Sengers et al. 

2005b).  

In addition, a porous material may improve mechanical interlocking between the 

implant and the surrounding natural cartilage, providing a greater mechanical 

stability at the interface. Porosity and permeability have a remarkable effect on 

proliferation and phenotype of chondrocytes (Lien et al. 2009; Stenhamre et al. 2010; 

Jeong and Hollister 2010). The pore size for scaffolds to promote proliferation is 

optimal between 100 µm and 500 µm (Ikada 2006; Lien et al. 2009).  Porosity and 

architecture can also be used to induce topographical organization. Woodfield et al 

produced a 100% interconnected pores scaffolds with pore size gradients, which 

promoted an inhomogeneous cell distribution and zonal distribution of GAGs and 

collagen type II (Woodfield et al. 2005).  

Stiffness of scaffolds also influences the mechanical environment of the seeded 

cells which in turn can influence cell differentiation and tissue growth in culture 

(Kelly and Prendergast 2006). Increasing substrate stiffness influences chondrocyte 

morphology which changes from a rounded shape with nebulous actin on weaker 

substrates to a predominantly flat morphology with actin stress fibers on stiffer 

substrates (Genes et al. 2004). Further, the load on cartilage is a stress and not a 

strain, hence the strain applied to the cells is a function of the scaffold stiffness at 

first and then a combination of scaffold and ECM properties as the tissue is produced. 

For example, high agarose concentrations (3%) yield initially stiffer tissue constructs, 

presumably due to more efficient retention of matrix products, but long-term tissue 

properties become significantly inferior to those with 2% agarose (Ng et al. 2005). 

 

2.2.4.3 Biodegradability 

Spatially and temporally controlled degradation of the scaffold can affect production 

and deposition of new tissue. Optimal degradation kinetics ensures initial stability 

and shape of the scaffold, but do not hinder new cartilaginous ECM deposition. 

Further, degradation of the scaffold allows for integration and remodeling of the 

new tissue into the surrounding cartilage after implantation (Bryant and Anseth 
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2003). Several degradable scaffolds have been adopted for cartilage tissue 

engineering (Freed et al. 1994). It was shown that scaffolds that degrade slowly lead 

to increased and more homogeneous ECM deposition compared to fast degrading 

scaffolds (Meinel et al. 2004b; Solchaga et al. 2005; Bryant and Anseth 2002).   

To direct temporal degradation of scaffolds, hydrolytically degradable 

components (Bryant and Anseth 2003), matrix metalloproteinase (MMP)-sensitive 

peptides (Lutolf et al. 2003; Park et al. 2004), and exogeneous enzymes (Ng et al. 

2009a; Rice and Anseth 2007) have been introduced. For example, Ng et al. showed 

that controlled degradation of agarose scaffold with the enzyme agarase resulted in 

increased collagen content and dynamic mechanical properties relative to control 

over time in culture, which they hypothesize to be the result of enhanced nutrient 

transport and increased space for collagen fibril development with time of culture 

(Ng et al. 2009a). In addition, it was shown that in evolving MSC-laden hydrogels with 

mesh sizes that change over time due to crosslink degradation, GAG and collagen II 

content were increased, and mechanical properties were superior over non-evolving 

hydrogels (Chung et al. 2009). 

 

2.3 Tissue-engineered cartilage: content, structure and 

functionality 

The joint is mechanically a very demanding environment. For a tissue-engineered 

cartilage implant to survive those conditions, it needs to have sufficient material 

properties to withstand or respond to normal joint loading. This does not necessarily 

mean that the engineered tissue should be an exact copy of the natural tissue; the 

tissue may further develop and adapt properties post-implantation. The question 

arises what exactly these ‘sufficient material properties’ are, and how much we need 

to improve our current tissue-engineered cartilage. 

 

2.3.1  Proteoglycan content 

Several studies have been able to engineer cartilage constructs in vitro with native 

GAG content and equilibrium compressive properties (Lima et al. 2006; Elder and 

Athanasiou 2008; Bastiaansen-Jenniskens et al. 2008a; Lima et al. 2007; Waldman et 

al. 2006). GAG content and compressive properties improved with increasing culture 

duration and cell seeding density (Chang et al. 2001; Mauck et al. 2002; Puelacher et 

al. 1994), and with addition of anabolic growth factors and/or increased serum 

supplementation (Pei et al. 2002; Gooch et al. 2001; Mauck et al. 2003c). 

Interestingly, the deposition of GAG was significantly enhanced when dynamic 



18 | Chapter 2 

 

 

loading was applied to chondrocytes-seeded constructs (Chowdhury et al. 2003; 

Mauck et al. 2000). 

 

2.3.2  Collagen content 

The major shortcoming of tissue-engineered cartilage is believed to be the lack of 

collagen content and consequently its poor tensile properties.  Collagen reaches only 

15% to 35% of the native content after 5 to 12 weeks of culture (Hu and Athanasiou 

2006a; Miot et al. 2006; Eyrich et al. 2007). Culture conditions that have a significant 

impact on collagen synthesis in vitro include cell source (Waldman et al. 2003), cell 

seeding density (Williams et al. 2005; Revell et al. 2008b), scaffold properties 

(Woodfield et al. 2005), growth factors (Darling and Athanasiou 2005a; Jenniskens et 

al. 2006; Blunk et al. 2002) and mechanical stimulation (Mauck et al. 2000; Waldman 

et al. 2006; Hu and Athanasiou 2006b; Elder et al. 2006; Elder and Athanasiou 2008; 

Kock et al. 2010).  

A possible hypothesis that may explain low collagen contents in constructs is that 

GAGs, which are initially rapidly synthesized, may impede increased collagen content 

via different possible mechanisms. Altered transport pathways of nutrients 

(Asanbaeva et al. 2007), or reduction of cell straining by environmental loading may 

cause decreased collagen synthesis. Altered transport of synthesised products 

(Asanbaeva et al. 2007) or altered extracellular biochemical environment may 

modulate collagen self-assembly (Saeidi et al. 2009). Finally, altered cellular 

mechanical stimulation may induce MMP expression, resulting in collagen 

degradation. Also, collagen type I in vitro degradation has been demonstrated to be 

strain-dependent (Huang and Yannas 1977), and this likely holds for collagen type II 

as well (Flynn et al. 2010). If so, then it is worthwhile to explore strains in cartilage 

tissue engineering constructs, to evaluate whether these strain conditions would 

either prevent or induce enzymatic collagen degradation. In the latter case, we may 

proceed to seek for loading conditions that would prevent collagen degradation to 

occur.  

The excessive amounts of GAGs compared to collagens in tissue-engineered 

cartilage are believed to negatively influence tensile properties of the tissue 

(Responte et al. 2007). Studies involving the application of the enzyme 

chondroitinase-ABC, which degrades GAGs (Prabhakar et al. 2006) and thus reduces 

stress on the collagen network, have demonstrated increased tensile properties of 

cartilage explants (Asanbaeva et al. 2007) and self-assembled tissue-engineered 

cartilage (Natoli et al. 2009b; Bian et al. 2009).  
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2.3.3  Collagen orientation 

The importance of the arcade-like collagen structure for the load-bearing properties 

of native cartilage is well-emphasized in literature (Korhonen and Herzog 2008; 

Owen and Wayne 2006; Wilson et al. 2007; Shirazi and Shirazi-Adl 2008; Shirazi et al. 

2008; Bevill et al. 2010). It is logical to assume that this collagen architecture 

reproduced in engineered cartilage tissue would lead to superior mechanical 

properties. Only few studies have focused on the importance of depth-dependent 

material properties in engineered cartilage. However, using depth-dependent 

scaffold properties or cell sources did not lead to an arcade-like collagen structure 

(Kim et al. 2003b; Malda et al. 2005; Ng et al. 2006; Ng et al. 2005; Klein et al. 2007; 

Moutos et al. 2007).  

Mechanical loading could be another stimulus for obtaining an anisotropic 

distribution of collagen in engineered cartilage. The rationale is that at birth, 

cartilage contains a random collagen structure, but few months after animals start to 

walk, cartilage develops its arcade-like structure (van Turnhout et al. 2010). In vitro it 

has been shown that radial confinement of self-assembled constructs increased 

collagen organization in the direction perpendicular to the articular surface, with no 

change in collagen or GAG content (Elder and Athanasiou 2008). Furthermore, using 

polarized light microscopy it has been shown that unconfined compression aligns 

collagen fibers perpendicular to the compressive loading direction (Kelly et al. 2006), 

i.e. aligned with the direction in which it cyclically elongates due to Poissons effects 

and incompressibility of the tissue. The strain field generated by applying unconfined 

compression may be useful to generate a superficial zone with collagen fibers 

parallel to the surface or higher modulus near the surface (Kelly et al. 2006; 

Khoshgoftar et al. 2011). However, a physiological collagen network with additional 

vertical fibers in the deep zone may not be produced by this loading regime, since 

vertical strains are absent. 

 

2.3.4  Zonal organization 

Articular cartilage engineering studies typically use homogeneous cell mixtures from 

juvenile animals that produce cartilage tissue with large amounts of ECM, but lack 

zonal organization and structure. Considering the prevalence and importance of 

zonal variations in normal articular cartilage, recent studies have aimed at 

engineering cartilage with zonal structure, using cell- and or scaffold-based methods. 

Cell-based methods typically replicate the native distribution of chondrocyte 

populations by isolation of zonal chondrocytes, which are employed in specific 
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regions of a construct and are shown to preserve their zone-specific phenotype and 

secrete specific zonal markers (Kim et al. 2003a; Klein et al. 2003; Waldman et al. 

2003; Schuurman et al. 2009; Malda et al. 2010). However, in those studies the 

depth-dependent material properties of the engineered cartilage were generally not 

comparable to native cartilage (Klein et al. 2007).  

Scaffold-based methods include porous gradient scaffolds and multilayer 

hydrogels. An anisotropic pore architecture within 3D PEGT/PBT copolymer scaffolds 

developed using a 3D fiber deposition technique promoted anisotropic cell 

distribution, and GAGs and collagen type II distribution like that in the superficial, 

middle, and lower zones of immature bovine articular cartilage (Woodfield et al. 

2005). Other studies have used bi- or multilayered hydrogels to support the cartilage 

production by the different zonal subpopulations. Using zonal populations of 

chondrocytes seeded into layers of 2% and 3% agarose bi-layered cartilage 

constructs were produced with zonal chondrocyte organization and depth-

dependent biochemical content, qualitatively similar to native cartilage (Ng et al. 

2009b). Very recently, hydrogel-based bio-printing approaches have become 

available which provide organization via both scaffold architecture and controlled 

deposition of cells at predefined locations (Klein et al. 2009a; Klein et al. 2009b; 

Cohen et al. 2006).  

Recently, researchers have combined cell- and scaffold-based methods to induce 

spatially-varying properties into tissue-engineered cartilage constructs. Nguyen et al. 

demonstrated that layer-by-layer organization of specific combinations of natural 

and synthetic biomaterials can direct MSCs to differentiate into zone-specific 

chondrocytes and creates a native-like articular cartilage with mechanical and 

biochemical properties varying with depth (Nguyen et al. 2011a; Nguyen et al. 

2011b).  

 

2.4  Conclusions  

In summary, cell source, scaffolds, signaling molecules and mechanical loading are 

considered to be the most important parameters in cartilage tissue engineering 

studies. Ultimately, the combination of these factors should result in mechanically 

functional tissue-engineered cartilage, which can withstand the mechanically 

demanding in vivo environment. Cell source and signaling molecules may be 

essential to enhance total matrix contents. However, these are not likely to trigger 

tissue orientation. Therefore, we postulate that only by controlling the mechanical 

cues, will we be able to engineer a cartilage with its particular collagen fiber 

orientation and inhomogeneous matrix distribution. 
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3.1  Introduction 

Interest in the development of tissue engineering systems for the repair of damaged 

articular cartilage increases (Nesic et al. 2006). A well characterized model system for 

articular cartilage involves the culturing of chondrocytes in agarose, which maintains 

chondrocyte phenotype as confirmed by the production of type II collagen and 

aggrecan (Aydelotte and Kuettner 1988; Buschmann et al. 1995). Currently, 

engineering of articular cartilage requires extended culture periods to produce 

sufficient amounts of extracellular matrix (ECM) and to develop adequate 

mechanical properties (Mauck et al. 2000). Therefore, the challenge remains to 

rapidly engineer mechanically stable cartilage tissue. A promising method to increase 

mechanical strength and decrease culture time is the application of mechanical 

loading. 

Previous studies have shown that a compressive strain of 15% applied to 3% (w/v) 

agarose constructs, results in cell strain values of about 15% (Lee and Bader 1995) 

which lies within the physiologic range (Broom and Myers 1980). This resultant strain 

alters chondrocyte metabolism via activation of mechanotransduction pathways 

(Chowdhury et al. 2003; Lee and Bader 1997), which appear to be mainly dependent 

on integrin signaling, stretch-activated ion channels and the actin cytoskeleton (Lee 

et al. 2000b; Millward-Sadler et al. 2000b; Wright et al. 1997). Apparently, integrins 

play an important role as mechanotransducers in chondrocytes subjected to 

mechanical stimulation (Millward-Sadler and Salter 2004). Signaling elicited by 

integrins regulates gene expression, cytoskeletal arrangement, and other 

chondrocyte functions (Loeser 2000; Millward-Sadler and Salter 2004). Integrins are 

transmembrane receptors, consisting of an α and β subunit. Previous studies have 

shown that adult articular cartilage chondrocytes predominately express α1β1, α3β1, 

αVβ5 and α5β1 integrins (Woods et al. 1994; Salter et al. 1992). Fibronectin 

receptors containing the αV subunit and the classic receptor for fibronectin, integrin 

α5β1, seem to be important for the transmission of forces from ECM to cells 

(Holledge et al. 2008; Lee et al. 2000b; Millward-Sadler et al. 2000b). Fibronectin is 

important for the regulation of chondrocyte metabolism and matrix maintenance 

and repair (Martin and Buckwalter 1998). In these studies, the integrins were 

blocked by monoclonal antibodies or by soluble RGD containing peptides. Similarly, 

in the current study, GRGDSP was used to block the response of the integrin 

receptors for fibronectin. GRGDSP is a RGD containing peptide that can bind to the 

integrin binding site of fibronectin, thereby blocking the response of the target 

integrins.  
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Several studies have investigated the effects of mechanical loading on 

chondrocytes cultured in agarose (Lee and Bader 1995; Lee and Bader 1997; 

Buschmann et al. 1992), but the role of integrins as mechanotransducers in this 

culture system has not yet been thoroughly investigated. Especially the role of 

integrins in mediating the dynamic compression-induced alterations at the gene 

expression level remains unclear. Hence, the aim of our study was to investigate 

whether RGD-dependent integrins are involved in mediating compression-induced 

alterations in ECM gene expression and ECM production in chondrocytes embedded 

in agarose and whether this process is dependent on the applied loading frequency. 

 

3.2  Materials & Methods 

 

3.2.1  Preparation of chondrocytes/agarose constructs 

Full-depth slices of articular cartilage were removed from knee joints of 3-month-old 

pigs (n=7) within 1 hour after sacrifice. Chondrocytes were isolated by enzymatic 

digestion with 2 mg/ml collagenase A (Roche, Mannheim, Germany) at 37°C. After 16 

h, the released chondrocytes were passed through a 70 µm pore size cell sieve 

(Becton Dickinson, Heidelberg, Germany), washed in DMEM (Gibco, Karlsruhe, 

Germany) and resuspended in DMEM supplemented with 10% fetal bovine serum, 

100 µg/ml streptomycin and 100 U/ml penicillin (both Biochrom AG, Berlin, 

Germany). To yield a final cell concentration of 6 x 106 cells/ml in 3% (w/v) agarose, 

the cell suspension was mixed at a ratio of 1:9 with 3.3% (w/v) agarose (type VII, 

Sigma-Aldrich, Taufkirchen, Germany) in PBS. The chondrocyte/agarose mixture was 

transferred into a sterile stainless steel mould, containing holes measuring 10 mm in 

diameter and 3 mm in height. The chondrocyte/agarose suspension was allowed to 

polymerize at room temperature for 20 min to yield cylindrical constructs, which 

were subsequently cultured in DMEM with 10% fetal bovine serum in standard 

conditions (37°C in 5% CO2 and 95% humidity for 24 h).  

 

3.2.2 Effect of GRGDSP in unloaded constructs 

For each donor, an experiment (n=7) was performed in which the effect of blocking 

integrin response with GRGDSP in unloaded constructs was examined by incubating 

the constructs in well plates with culture medium supplemented with 100 µg/ml of 

GRGDSP, or 100 µg/ml GRADSP (a non-binding control peptide) (both Novabiochem, 

Nottingham, UK), or in unsupplemented medium for 12 h. Afterwards, constructs 

were transferred to fresh well plates containing defined culture medium at 37°C in 5% 

CO2. 
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3.2.3  Effect of GRGDSP in loaded constructs 

In the same experiments, the effect of blocking integrin response with GRGDSP in 

loaded constructs was examined. Similarly, constructs were incubated in culture 

medium supplemented with 100 µg/ml of GRGDSP, or 100 µg/ml GRADSP, or in 

unsupplemented medium. For loading, a well-characterized bioreactor system 

(Schulz et al. 2008c), was used to apply dynamic compression to the constructs. The 

closed bioreactor consists of a small twin chamber culture device with a contactless 

actuator for mechanical loading, driven by externally applied magnetic fields. Each 

bioreactor system contained 6 constructs and 12 ml of culture medium. Loaded 

constructs were subjected to compressive strain of 15% at two frequencies (0.33 and 

1 Hz) for 12 h. Throughout the study, culture medium was refreshed every three 

days, and removed medium was stored at -20°C for analysis of matrix proteins. 

 

3.2.4  RNA extraction and semi-quantitative PCR 

At 0, 1, 3, 6 and 24 hours after loading, total RNA was extracted from the 

unsupplemented control and unsupplemented loaded groups. Total RNA from 

samples incubated with GRGDSP or GRADSP was extracted at 0, 1 and 3 hours after 

loading (all n=3 per data point).  

Total RNA was extracted from chondrocyte/agarose constructs according to a 

protocol described by Mio et al. (Mio et al. 2006) using the RNAeasy mini kit (Qiagen, 

Hilden, Germany). Removal of DNA from each sample was performed by application 

of 2 U RQ1-DNAse (Promega, Mannheim, Germany) at 37°C for 30 min. Proteins 

were eliminated by standard phenol-chloroform-isoamylalcohol protocol. The RNA 

was precipitated using ethanol. Finally, RNA-concentration and -purity was measured 

by a NanoDrop instrument at 260 nm and 280 nm. 

Template cDNA was synthesized and PCR reactions were performed as previously 

described (Schulz et al. 2008a). The sequences of the primer pairs and the product 

sizes are given in Table 1. The relative expression level of glyceraldehydes-3-

phosphate dehydrogenase (GAPDH) was used to normalize gene expression. The PCR 

reaction products were analyzed by electrophoresis in 2% agarose gels (Roth, 

Karlsruhe, Germany) containing ethidium bromide. Quantification of the bands was 

achieved by densitometric measurement in a gel documentation system (FlexiLine 

4040) and calculated using GelixOne software (both Biostep, Jahnsdorf, Germany).  
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Table 3.1 Primer sequences used for semi-quantitative RT-PCR. 

 

3.2.5  Determination of DNA amount and proteoglycan accumulation 

7, 14 and 28 days after the 12-hours loading period, samples from all experimental 

groups were obtained for biochemical analyses (all n=3 per data point). For 

quantification of GAG content, papain digestion buffer (5 mM L-cysteine, 5 mM EDTA, 

100 mM Na2HPO4, pH 6.5) was added to each sample till a volume of 1 ml, followed 

by melting for 1 h at 70°C. Afterwards, the solution was incubated for 16 h at 37°C 

with 5 µl papain-solution (10 mg/ml) and 10 µl agarase-solution (1 kU/ml). GAG 

content was quantified using the 1,9-dimethyl-methylene blue dye (0.016 g/l DMMB, 

5 ml/l C2H5OH, 2 g/l NaCOOH, 2 ml HCOOH, pH 3.0) binding assay (Roche, Basel, 

Switzerland). Absorbance at 595 nm was determined and the concentration of GAG 

was interpolated from standard curves. 

DNA content was determined using the quantitative ds-DNA Quantitations Kit 

(Mobitec, Göttingen, Germany). Samples of 100 µl of the papain digest were 

incubated with 100 µl PicoGreen dye for 5 min and fluorescence was determined at 

480 nm excitation and 520 nm.  

 

3.2.6  Statistical analysis 

Statistics were performed with Statgraphics (Statgraphics, Manugistics, Inc, Rockville, 

MD). The effects of treatment and time as well as their interaction were examined 

for significant differences by two-way analysis of variance, with gene expression 

levels and GAG per DNA as the dependent variable. If no significant interaction effect 

was found, a one-way ANOVA with Tukey HSD post-hoc testing was used to search 

for significant differences in either time or treatment within the other factor level. 

Otherwise, an independent t-test with Bonferroni correction for number of applied 

Target 
gene 

5’ sequence (5’ to 3’) 3’ sequence (5’ to 3’) 
Product 

(bp) 

GAPDH AATCCCATCACCATCTTCCA TGTGGTCATGAGTCCTTCCA 318 bp 

Aggrecan CGAGGAGCAGGAGTTTGTCAAC ATCATCACCACGCAGTCCTCTC 177 bp 

Collagen II GGGAAACCAGGTGATCAGG AATACCAGCAGCTCCCCTCT 249 bp 

MMP-3 ACCCAAGAAGTATCCACACCCT TGCTTCAAAGACAGCATCCACT 215 bp 
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comparisons was used to test for significant differences between each specific time 

and treatment sub-group. Statistical significance was assumed for p<0.05. 

 

3.3  Results 

 

3.3.1  Gene expression: effect of GRGDSP in unloaded constructs 

Gene expression levels of aggrecan, collagen II and MMP-3 of constructs that were 

incubated in presence of GRGDSP or GRADSP showed no significant changes 

compared to the unsupplemented control group at any of the time points (Figure 

3.1). 

 
Figure 3.1 Effect of supplementation with GRGDSP or GRADSP for 12 hours on the mRNA 

expression levels (normalized to unsupplemented control) of aggrecan, collagen II and MMP-3 

mRNA over a 3-hour period, as determined by sq-PCR, with GAPDH as the housekeeping gene 

(n=7). 
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3.3.2 Gene expression: effect of GRGDSP in loaded constructs 

Time and treatment, as well as their interaction, were determined to have a 

significant effect on aggrecan gene expression levels of constructs that were 

compressed at 0.33 Hz and 1 Hz (all p<0.001). Directly after applying 0.33 Hz dynamic 

compression, the relative gene expression levels of aggrecan in GRADSP-

supplemented as well as unsupplemented constructs increased significantly (46±10% 

and 42±9%) (p<0.01, always reported after Bonferroni correction when applicable) 

compared to the unstrained control, but at later time points no significant changes 

were detected (Figure 3.2A). Incubating constructs with GRGDSP canceled out these 

effects, i.e. no significant differences relative to the unstrained control (Figure 3.2A). 

Aggrecan gene expression levels of constructs that were compressed at 1 Hz, with or 

without GRADSP, showed an increase directly (30±9% and 32±10%) and 1 hour  

(36±7% and 35±10%) after stimulation (p<0.05) (Figure 3.2B). At 24 hours after 

stimulation, levels for unsupplemented loaded constructs were significantly 

decreased (-44±11%) (p<0.01). Again, loading constructs in presence of GRGDSP 

negated these effects (Figure 3.2B).  

 
Figure 3.2 Effect of (A) 0.33 Hz and (B) 1 Hz dynamical loading for 12 hours on the mRNA 

expression levels (normalized to unstrained control) of aggrecan mRNA over a 24-hour period, 

with or without GRGDSP or GRADSP, as determined by sq-PCR, with GAPDH as the housekeeping 

gene (n=7). *p<0.05 vs. unstrained control and **p<0.01 vs. unstrained control. 
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Collagen II gene expression levels of constructs compressed at 0.33 Hz, with or 

without GRGDSP or GRADSP, showed no significant changes compared to unstrained 

control (Figure 3.3A). In contrast, in constructs compressed at 1 Hz, time and 

treatment, as well as their interaction had a significant effect on collagen II gene 

expression levels (all p<0.001) (Figure 3.3B). Specifically, a relative increase in 

collagen II expression was found with and without GRADSP, directly (47±7% and 

52±10%) (p<0.01) and at 1 hour (30±9% and 37±14%) (p<0.05) after stimulation 

(Figure 3.3B). At 6 and 24 hours after stimulation, collagen II expression levels were 

significantly lower than the values for the unstrained control group (p<0.01). Loading 

constructs in presence of GRGDSP caused a return to unloaded control values (Figure 

3.3B).  

 

Figure 3.3 Effect of (A) 0.33 Hz and (B) 1 Hz dynamical loading for 12 hours on the mRNA 

expression levels (normalized to unstrained control) of collagen II mRNA over a 24-hour period, 

with or without GRGDSP or GRADSP, as determined by sq-PCR, with GAPDH as the housekeeping 

gene (n=7). *p<0.05 vs. unstrained control and **p<0.01 vs. unstrained control. 

Both time and treatment, as well as their interaction had significant effect on 

MMP-3 gene expression levels of constructs that were compressed at 0.33 Hz (all 

p<0.001). In particular, with or without GRADSP, gene expression levels of MMP-3 
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increased significantly directly (52±4% and 56±3%) and at 1 hour (42±10% and 

45±10%) compared to the unstrained control (all p<0.01) (Figure 3.4A). At later time 

points, no significant differences were detected. In addition, loading constructs at 

0.33 Hz in presence of GRGDSP also significantly increased MMP-3 expression levels 

directly (10±3%) and at 1 hour (24±9%) (both p<0.05). In constructs compressed at 1 

Hz, both treatment and the interaction between time and treatment had a significant 

effect on MMP-3 gene expression levels, with or without GRADSP (all p<0.001). More 

specific, with or without GRADSP, MMP-3 gene expression levels increased directly 

and at 1, 3, and 6 hours compared to the unstrained control (all p<0.05) (Figure 3.4B). 

Incubation with GRGDSP caused no significant differences compared to unstrained 

controls for all time points (Figure 3.4B).    

 
Figure 3.4 Effect of (A) 0.33 Hz and (B) 1 Hz dynamical loading for 12 hours on the mRNA 

expression levels (normalized to unstrained control) of MMP-3 mRNA over a 24-hour period, with 

or without GRGDSP or GRADSP, as determined by sq-PCR, with GAPDH as the housekeeping gene 

(n=7). *p<0.05 vs. unstrained control and **p<0.01 vs. unstrained control. 
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3.3.3  GAG deposition: effect of GRGDSP  

The amounts of GAG deposition of constructs that were incubated in presence of 

GRGDSP or GRADSP showed no significant changes compared to the 

unsupplemented control group at any of the time points (Figure 3.5A). 

 

Figure 3.5 GAG deposition in unloaded control (A), and loaded at 0.33 Hz (B) and 1 Hz (C) over a 

28-day period for unsupplemented control and groups supplemented with GRGDSP or GRADSP 

(n=7). *p<0.05 0.33 or 1 Hz vs. control, **p<0.01 0.33 or 1 Hz vs. control; Δp<0.05 0.33 or 1 Hz + 

GRGDSP vs. control; ΔΔp<0.01 0.33 or 1 Hz + GRGDSP vs. control and ++p<0.01 0.33 or 1 Hz + 

GRADSP vs. control. 

Both time and treatment as well as their interaction were determined to have a 

significant effect on GAG per DNA level of constructs that were compressed at 0.33 

Hz (Figure 3.5B) and at 1 Hz (Figure 3.5C) (all p<0.001). Changing DNA levels cannot 
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account for the differences, since they only increase by 10% over the culture period 

with no significant differences between treatments (data not shown). GAG increased 

with time in culture in all treatments. 

Dynamic compression at 0.33 Hz, with or without GRADSP, resulted in a 

significantly decreased deposition of GAG compared to the unstrained control over 

the total culture period (both p<0.05) (Figure 3.5B). In the presence of GRGDSP, GAG 

deposition was significantly lower compared to the unstrained control (p<0.05). In 

contrast, dynamic compression at 1 Hz, with or without GRADSP, resulted in a 

significantly increased deposition of GAG compared to the unstrained control at day 

28 (p<0.01) (Figure 3.5C). Adding GRGDSP to these constructs caused no significant 

differences in GAG deposition. Analysis of culture medium revealed that no 

detectable levels of GAG were excreted by any of the groups and at any time point.  

 

3.4  Discussion 

We demonstrated that RGD-dependent integrins are involved in the 

mechanoregulation of chondrocytes in agarose constructs, both at the level of gene 

expression and matrix synthesis. However, the response depends on the applied 

loading frequency. 1 Hz stimulation results in differences in gene expression of 

aggrecan, collagen II and MMP-3 immediately after loading. After a longer period of 

time, this stimulation leads to increased GAG deposition. All of these effects were 

counteracted by blocking integrins. In contrast, loading at 0.33 Hz had an effect on 

aggrecan and MMP-3 gene expression only, and these effects were only partly 

counteracted by GRGDSP. 

In unloaded constructs, the presence of neither the integrin-binding peptide 

GRGDSP nor the non-binding control peptide GRADSP influenced gene expression 

levels of aggrecan, collagen II and MMP-3 (Figure 3.1) and GAG deposition (Figure 

3.5). In other studies, fibronectin fragments, and RGD peptide itself, in the media 

have by itself been shown to decrease matrix metabolism in cultured chondrocytes 

(Arner and Tortorella 1995; Purple et al. 2002). However, the present study provides 

no evidence for an effect of RGD peptides in unloaded constructs. These differences 

might be due to the different model systems used or to the specificity of the used 

peptides.  

The reason why aggrecan and collagen II gene expression levels were up-

regulated directly after stimulation at 1 Hz, but down-regulated at later time points 

remains unclear. We suggest that in this case mechanoregulation of these genes is 

hypersensitive, resulting in an overshoot in the response upon changes in 
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mechanostimulation. The suggestion that the down-regulation represents a 

temporal overshoot is supported by the observation that decreased aggrecan gene 

expression at 24 h is not indicative for GAG deposition on long term.  

Aggrecan mRNA levels were decreased 24 hours after loading in constructs 

compressed at 1 Hz, but not in constructs compressed at 0.33 Hz. The immediate 

response of aggrecan mRNA was stronger after 1 Hz compression, compared to 0.33 

Hz, suggesting that aggrecan mRNA levels are sensitive to the applied loading 

frequency. In agreement with our results, it has been demonstrated that loading at 

different frequencies (0.33, 1.0 and 3.0 Hz) resulted in increased aggrecan promoter 

activity, with fast loading resulting in the highest activity (Mauck et al. 2007). The 

effect of loading on aggrecan mRNA levels was counteracted by GRGDSP at both 

frequencies. In contrast, GRGDSP only blocked the long-term GAG response at 1 Hz, 

not at 0.33 Hz. In accordance with our results, it was shown that at 0.33 Hz 

mechanical stimulation, RGD peptides prevent loading-induced increases in aggrecan 

mRNA levels (Millward-Sadler et al. 2000a; Millward-Sadler et al. 2000b).  

The differences in GAG deposition patterns between 0.33 and 1 Hz concur with a 

previous report in which low frequency straining at 0.3 Hz inhibited GAG synthesis in 

chondrocytes seeded in 3% agarose, whereas 1 Hz dynamic compression stimulated 

GAG synthesis (Lee and Bader 1997). Measurements of GAG in the media revealed 

that there was no loss of GAG into the culture media in any of the groups, indicating 

that the differences in GAG deposition found between loaded groups, result from 

differences in GAG synthesis rather than catabolic activity. Based on our observation 

that GAG deposition is blocked in presence of GRGDSP only at 1 Hz and not at 0.33 

Hz, we postulate that the signaling mechanisms involved in the long-term response 

of the two loading frequencies are not the same. It can be speculated that 0.33 Hz 

compression activates different, not integrin-mediated, signaling pathways, which 

initiates aberrant responses resulting in decreased ECM deposition.  

At both frequencies, loading increased expression of the anabolic gene aggrecan 

as well as of the catabolic gene MMP-3 directly after stimulation. De Croos et al. also 

found an increase in MMP-3 expression directly after applying cyclic compression, 

but also reported an increase in aggrecan expression at later time points (24h) (De 

Croos et al. 2006). This discrepancy could be caused by differing experimental 

conditions as they applied 1.4% strain on a chondrocyte layer, in contrast to our 

agarose constructs and compression with 15% strain. Additionally, porcine articular 

cartilage explants cyclically compressed for 10 min at 0.1 Hz showed decreased 

collagen II mRNA levels within 2 hours after stimulation (Fehrenbacher et al. 2003). 

No changes in aggrecan or MMP-3 expression were found. The disagreement 

between our observations and theirs is possibly explained by the dissimilar loading 
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frequency of 0.1 Hz, or by differences in response between chondrocytes in explants 

compared to agarose. 

Activation of MMP precursors and inhibition by TIMPs are critical steps in matrix 

degradation. MMP-3 gene expression was evaluated to illustrate a possible role of 

integrins as mechanotransducers in catabolic events. It was seen that loading in 

presence of GRGDSP inhibited compression-induced changes in MMP-3 gene 

expression at 1 Hz, but not at 0.33 Hz. These observations are similar to those for 

long-term GAG deposition and might be explained by the involvement of diverging 

signaling pathways at the two applied loading frequencies.  

Currently, it remains impossible to assign the mechanotransducive role to one 

particular integrin. Previously, this role was assigned to the α5β1 integrin 

(Chowdhury et al. 2003; Chowdhury et al. 2004; Millward-Sadler and Salter 2004). 

However, a recent study showed that both fibronectin receptor integrins αVβ5 and 

α5β1 can be involved in mechanoregulation in chondrocytes (Holledge et al. 2008). 

The use of monoclonal blocking antibodies could give more insight in the specific 

integrins involved in the mechanotransduction process.  

In summary, this study confirms the role of RGD-dependent integrins as 

mechanotransducers in the regulation of both ECM gene expression and matrix 

biosynthesis of chondrocytes seeded and loaded in agarose. However, the two 

applied loading frequencies induced different responses, indicating that the integrin-

mediated effect is frequency-dependent. 
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4.1 Introduction 

The main goal of cartilage tissue engineering is to develop tissue with sufficient load-

bearing properties, which are determined by both amount and organization of the 

synthesized extracellular matrix (ECM). In order for the engineered cartilage tissue to 

establish mechanical integrity, sufficient ECM content and its distribution is required 

(Buschmann et al. 1995; Quinn et al. 2002).  

Agarose hydrogels are commonly used as a model scaffold for cartilage tissue 

engineering studies in vitro (Kock et al. 2009; Mauck et al. 2000; Buschmann et al. 

1992; Lee and Bader 1997). Chondrocytes cultured in agarose maintain their 

phenotype and synthesize cartilage-specific ECM components, such as proteoglycans 

and collagen type II (Benya and Shaffer 1982; Aulthouse et al. 1989), which become 

entrapped in the hydrogel and coalesce into a functional ECM over time in culture 

(Buschmann et al. 1992). Recently, clinical trials have shown the potential for 

agarose in cartilage regeneration, with an autologous human chondrocyte-laden 

agarose-alginate hydrogel in Phase III clinical trials and 2-year follow-up data shows 

good clinical outcomes with no gross rejection of the scaffold apparent in the 

patients (Selmi et al. 2008). Yet, the load-bearing properties of agarose-based tissue 

engineered cartilage are inferior to those of native cartilage (Kock et al. 2011). 

Presumably, clinical outcome will be improved if tissue-engineered cartilage 

constructs had improved mechanical properties at the moment of implantation.  

In cartilage mechanics, it is commonly assumed that the mechanical properties 

are dominated by the interterritorial matrix. Among other reasons, this is based on 

the idea that this matrix contains the dominant load-bearing collagen fibers, and that 

the pericellular matrix is weaker than the matrix further away from the cells (Darling 

et al. 2010). Therefore, it can be postulated that chondrocyte-seeded agarose 

cultures in which newly synthesized matrix accumulates mostly around the cells may 

be of lower mechanical quality compared to engineered cartilage in which the 

interterritorial matrix contains abundant matrix. If the interterritorial matrix consists 

of soft agarose rather than stiff ECM, the construct will likely be of poor mechanical 

quality. Unfortunately, experimental data that evaluates this theory does not exist, 

and it is not known how matrix distribution in engineered cartilage constructs could 

be modulated. In this study, we therefore explore the separate and combined effects 

of two approaches that may result in differences in matrix homogeneity at the 

microscopic level.   

The first approach to change matrix distribution is by modulating the transport 

rate of newly synthesized ECM before assembly, assuming that in more permeable 

environments, matrix would be more dispersed than in less permeable tissues. The 
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concentration of the agarose gel determines its diffusivity (Gu et al. 2003; Buckley et 

al. 2009; Johnson et al. 1996; Maaloum et al. 1998; Sniekers and van Donkelaar 

2005). Higher agarose concentrations result in stiffer gels with decreased hydraulic 

permeability (Gu et al. 2003; Johnson et al. 1996; Mauck et al. 2003b), due to 

decreased pore size (Johnson et al. 1996) and reduced number of pores (Maaloum et 

al. 1998). It was hypothesized by Ng et al. that, due to decreased pore size and 

number in stiffer hydrogels (3%), newly synthesized ECM molecules are entrapped 

more efficiently into the agarose hydrogel, resulting in an increased amount of ECM 

within the constructs and a reduced loss into the culture medium (Ng et al. 2005; Ng 

et al. 2006). Indeed, using numerical modeling, the permeability of agarose has been 

shown to theoretically influence the distribution of ECM molecules within the 

agarose constructs (Sengers et al. 2004; Sniekers and van Donkelaar 2005). In high 

concentration agarose hydrogels with reduced diffusion of ECM molecules, matrix 

deposition was mostly pericellular, resulting in matrix islands around the cells. In low 

concentration agarose hydrogels, when there was increased molecular diffusion, a 

more homogeneous ECM distribution was predicted to develop (Sengers et al. 2004). 

Unfortunately, experimental data for evaluation of this prediction does not exist. 

The second approach to change ECM distribution is by modulating the 

biochemical environment of the cells. Although the exact mechanism remains 

unclear, it has been shown that transforming growth factor-β3 (TGF-β3) not only 

stimulates ECM deposition (Byers et al. 2008; Mauck et al. 2003c), but also has an 

effect on matrix distribution within tissue-engineered cartilage constructs (van Osch 

et al. 1998).  

The aims of the present study are therefore to first explore the extent at which 

matrix distribution at microscopic level may be modulated by each of the two 

approaches mentioned above, and second to evaluate the effect of those 

distributions on the properties of the engineered cartilage.  

 

4.2  Materials & Methods 

 

4.2.1 Experimental design 

Two different studies were carried out in this manuscript. In study 1, cartilage 

development in chondrocyte-seeded agarose hydrogel constructs with agarose 

concentrations of 1%, 2% and 3% was compared. In study 2, cartilage development 

in chondrocyte-seeded agarose constructs with no agarose (0%) or very low agarose 

concentrations (0.25%, 0.5% and 1%) was compared, cultured in custom-designed 
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agarose ‘wells’, because making standard discs, as used in study 1, with such low 

agarose concentrations is impossible.  

In both studies, the effect of serum-free culturing with TGF-β3 supplementation 

(TGF-medium, consisting of hgDMEM supplemented with 1% Pen-Strep, 0.1% 

Amphotericin, 0.1 mM dexamethasone, 50 mg/ml ascorbate 2-phosphate, 20 mg/ml 

l-proline, 100 mg/ml sodium pyruvate, 1x ITS+ and 10 ng/ml TGF-β3) was compared 

to culturing with standard culture medium supplemented with 10% FBS (FBS-medium, 

consisting of hgDMEM supplemented with 1% Pen-Strep, 0.1% Amphotericin, 50 

mg/ml ascorbate 2-phosphate and 10% fetal bovine serum).  

 

4.2.2 Cartilage and chondrocyte isolation 

Full-depth slices of articular cartilage were removed from eight carpometacarpal 

joints of the forelimbs of a minimum of five young (8-12 month old) calves. The 

cartilage slices were minced and washed twice with phosphate-buffered saline 

supplemented with 1% Pen-Strep (Lonza, Basel, Switserland). Afterwards the slices 

were combined and digested with 0.5% collagenase type II (Worthington, Antonides 

– Interchema, Oosterzee, The Netherlands) at 37°C with stirring. After 16 h, the 

released chondrocytes were passed through a 70 µm pore size cell strainer (Becton 

Dickinson, Heidelberg, Germany), washed in DMEM (Gibco, Karlsruhe, Germany) and 

resuspended in DMEM supplemented with 10% fetal bovine serum, 1% Pen-Strep 

and 0.1% amphotericin (Sigma, St. Louis, MO, USA).  

 

4.2.3 Culture protocol 

For study 1, chondrocyte-seeded agarose hydrogel constructs with 1%, 2% and 3% 

(w/v) agarose and a final cell concentration of 20x106 cells/ml were produced. Cell 

suspensions were mixed with agarose (type VII, Sigma, St. Louis, MO, USA) and 

transferred into a sterile stainless steel mold, containing holes measuring 6.5 mm in 

diameter and 2 mm in height (volume of 57 µl). The chondrocyte/agarose 

suspensions were allowed to solidify at room temperature for 10 min to yield 

cylindrical constructs, which were subsequently cultured in either TGF-medium or 

FBS-medium for 21 and 42 days (n=12-18 per agarose concentration and medium 

composition). Medium was changed every other day and removed medium was 

stored at -30°C for analysis of released ECM components. 

For study 2, chondrocyte-seeded agarose hydrogel constructs with 0%, 0.25%, 0.5% 

and 1% (w/v) agarose and a final cell concentration of 20x106 cells/ml were created 

in custom-designed agarose ‘wells’, adapted from Elder et al. (Elder and Athanasiou 
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2008). To create these wells, a stainless steel pin with a diameter of 6.5 mm was put 

in a well of a 6-wells plate, 7 ml of 3% agarose (type VII, Sigma, St. Louis, MO, USA) 

was added to the well and allowed to solidify at room temperature for 10 min 

(Figure 4.1A). Afterwards, the pin was removed and subsequently the agarose well 

was punched out of the well with a 12-mm diameter punch (Figure 4.1B) and 

transferred to the center of a well in a 12-wells plate. The agarose ‘well’ was fixated 

with a thin layer (0.5 mm) of 3% agarose (Figure 4.1C&D). The agarose well was 

flushed twice with DMEM supplemented with 1% Pen-Strep and 1% amphotericin.  

 
Figure 4.1 Overview culture set-up of study 2. 

Afterwards, 57 µl of agarose-cell-suspension mixture was added to each agarose 

well, which was allowed to solidify at room temperature for 20 min. As a control, 1% 

agarose discs (as described for study 1; 1% disc) were additionally produced. The 

constructs were cultured in two different medium compositions (TGF-medium and 

FBS-medium, see ‘experimental design’) for 21 and 42 days (n=12 per agarose 

concentration and medium composition). Medium was changed every other day. 

 

4.2.4 Mechanical testing 

Mechanical testing of samples of both studies (n=4 per agarose concentration and 

medium composition) in unconfined compression between impermeable platens 

using a standard materials testing machine with a 2 N load cell (Zwick Roell Z010, 

Ulm, Germany) was performed after 42 days of culturing to determine the 

equilibrium modulus (Eeq) with a testing protocol similar to that used by Mauck et al. 

(Mauck et al. 2006). The thickness of each sample was measured and afterwards the 

samples were placed in a bath with PBS at room temperature and were subsequently 

equilibrated in creep to a tare load of 0.02 N. From this offset, stress relaxation tests 

were performed with a ramp speed of 1 µm/s until reaching 20% strain. After 

equilibrium was reached Eeq was calculated from the ratio of the equilibrium stress 

to the applied strain using testXpert II software (Zwick Roell, Ulm, Germany). 
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4.2.5 Biochemical content 

After 21 and 42 days of culture, halves of six constructs from each experimental 

group were lyophilized and subsequently papain digestion buffer (100 mM 

phosphate buffer, 5 mM L-cysteine, 5 mM EDTA and 140 µg papain per ml) was 

added to the samples, followed by melting for 1 h at 70°C. Afterwards, the solution 

was incubated for 16 h at 37°C with 3.5 μl agarase-solution (1 kU/ml). After digestion, 

the samples were centrifuged and the supernatant was used for quantification of 

DNA, GAG and collagen content.  

The amount of DNA was determined using the Hoechst dye method (Cesarone et 

al. 1979) with a reference curve of calf thymus DNA (Sigma). The GAG content was 

determined using a modification of the assay described by Farndale et al. (Farndale 

et al. 1982), and a shark cartilage chondroitin sulfate reference (Sigma). For 

determination of collagen content, digested tissue samples were hydrolyzed in 6 M 

hydrochloric acid (Merck, Whitehouse Station, NJ, USA) and orthohydroxyproline 

(OHP) quantity was assessed as described previously (Kock et al. 2010) using an assay 

modified from Huszar et al. (Huszar et al. 1980) and a trans-4-hydroxyproline (Sigma) 

reference.  

 

4.2.6 Histology  

Three half constructs from each experimental group were fixed for 24 hours in 3.7% 

formalin, paraffin-embedded, and 5 µm slides were stained with Alcian blue dye to 

evaluate the distribution of GAG and Picrosirius Red to evaluate distribution of 

collagen in the cultured constructs. Hematoxylin was used as nuclear counterstaining.  

 

4.2.7 Statistical analysis 

Statistics were performed with Statgraphics (Statgraphics, Manugistics, Inc., Rockville, 

MD). The effects of treatment and time as well as their interaction were examined 

for significant differences by two-way ANOVA, with equilibrium Young’s modulus, 

and amounts of GAG, DNA and collagen as the dependent variables. If no significant 

interaction was found, a one-way ANOVA with Bonferroni post-hoc testing was used 

to search for significant differences in either time or treatment within the other 

factor level. In case of significant interaction effect, an independent t-test with 

Bonferroni correction for number of applied comparisons was used to test for 

significant differences between each specific time and treatment sub-group. 

Statistical significance was assumed for p<0.01. 
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4.3 Results 

 

4.3.1 Mechanical properties 

 

Study 1 

 
Figure 4.2 Equilibrium modulus of engineered cartilage constructs at day 42.  *p < 0.01 vs. all 

groups with 1% agarose concentration; **p < 0.01 vs. all groups with 2% agarose concentration; 

p<0.01 vs. empty gel group at same agarose concentration and §p<0.01 vs. FBS group at same 

agarose concentration.  

Agarose concentration, medium composition and their interaction significantly 

affected the equilibrium compressive Young’s modulus (Eeq) of cultured constructs at 

day 42 (all p<0.001). Eeq increased significantly with increasing agarose concentration 

in all groups (p<0.01), except between 1% and 2% agarose in constructs cultured in 

presence of TGF-β3 (Figure 4.2). Eeq of constructs cultured for 42 days in FBS- or TGF-

containing culture medium was significantly higher compared to constructs without 

cells, independent of agarose concentration (p<0.01). Further, constructs cultured in 

presence of TGF-β3 exhibited a significantly higher Eeq than constructs made of the 

same agarose concentration but cultured in presence of FBS (p<0.01). 

 

Study 2 

Agarose concentration, medium composition and their interaction significantly 

affected the equilibrium compressive Young’s modulus (Eeq) of cultured constructs at 

day 42 (all p<0.001). Constructs cultured in presence of TGF-β3 exhibited a 

significantly higher Eeq (all p<0.01) than constructs made of the same agarose 

concentration but cultured in presence of FBS (Figure 4.3). Constructs cultured 

without agarose demonstrated a significantly higher Eeq compared to constructs that 

were cultured with agarose (all p<0.01). No significant differences in Eeq were 
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observed between agarose concentrations of constructs that were cultured in 

presence of FBS. In constructs cultured in presence of TGF-β3, Eeq was significantly 

lower in 0.5% agarose constructs compared to 0.25% agarose (p<0.01), but increased 

when increasing agarose concentration to 1% (only significant in 1% disc group, 

p<0.01).   

 
Figure 4.3 Compressive Young’s modulus of engineered cartilage constructs.  *p < 0.01 vs. FBS 

group at same agarose concentration; §p< 0.01 vs. 0% agarose; †p<0.01 vs. 0.25% agarose and 

Δp<0.01 vs. 0.5% agarose.  

 

4.3.2 DNA content 

 

Study 1 

Only medium composition had a significant effect on DNA content. Constructs 

cultured in presence of FBS contained significantly more DNA at both time points and 

in all agarose concentrations (p<0.01). There were no significant differences in DNA 

content in time or with increasing agarose concentration (Figure 4.4).  

 
Figure 4.4 DNA content in engineered cartilage constructs. * §p<0.01 vs. FBS group at same 

agarose concentration and time point. 
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Study 2 

No significant differences in DNA content were observed in any of the groups 

between day 21 and day 42 (Figure 4.5). Agarose concentration did not significantly 

influence DNA content in the cultured constructs except between 0.5% and 1% 

agarose at day 21 in constructs cultured with FBS (p<0.01). Further no differences 

between FBS or TGF-β3 supplementation were observed in constructs that were 

cultured in the customized agarose wells. Only in standard 1% discs, DNA content 

was significantly higher in constructs cultured with FBS compared to constructs that 

were cultured in presence of TGF-β3 (p<0.01).    

 
Figure 4.5 DNA content in engineered cartilage constructs. *p<0.01 vs. FBS group at same 

agarose concentration and Δp<0.01 vs. 0.5% agarose.  

 

4.3.3 GAG content 

 

Study 1 

No significant differences in GAG content were observed between the three agarose 

concentrations (Figure 4.6). GAG content increased significantly with time in all 

groups (all p<0.01) and constructs cultured in presence of TGF-β3 contained 

significantly more GAG compared to constructs that were cultured with FBS in all 

three agarose concentrations (p<0.01).  
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Figure 4.6 GAG content in engineered cartilage constructs. *p<0.01 vs. FBS group at same 

agarose concentration and time point and #p<0.01 vs. day 21 within the same medium 

composition.    

 
Figure 4.7 GAG release in culture medium over 42 days of culture (A) and total GAG release in 

culture medium at day 42 (B).  *p<0.01 vs. FBS group at same agarose concentration and time 

point; §p< 0.01 vs. 1% agarose and †p<0.01 vs.2% agarose. 

GAG was released with time in the culture medium in all groups (Figure 4.7A). 

There were no differences in GAG release between agarose concentrations in 

constructs cultured in presence of FBS. In contrast, culture medium significantly 

decreased with increasing agarose concentration from constructs cultured in 

presence of TGF-β3 (Figure 4.7B; p<0.01). Culture medium of constructs cultured in 

presence of TGF-β3 contained significantly more GAGs compared to constructs 

cultured with FBS for all agarose concentrations (Figure 4.7B; all p<0.01). 

 

 

 



Agarose concentration and TGF-β3 supplementation | 45 

 

 

Study 2  

GAG content was significantly higher at day 42 compared to day 21 in all groups (all 

p<0.01) (Figure 4.8). In constructs cultured with FBS, agarose concentration did not 

influence GAG deposition, except for the 0.25% group at day 21 which contains less 

GAG (significant for 0.5% and 1%; p<0.01). In presence of TGF-β3, constructs cultured 

without agarose contained significantly more GAG at day 21 compared to constructs 

cultured with more agarose (p<0.01). Further, culturing with TGF-β3 resulted in more 

GAG deposition than with FBS, but this was only significant in constructs cultured 

with 0% and 0.25% agarose and in the conventional 1% agarose discs (all p<0.01). 

 
Figure 4.8 GAG content in engineered cartilage constructs. *p<0.01 vs. FBS group at same 

agarose concentration and time point; #p<0.01 vs. day 21 within the same medium composition; 

•p< 0.01 vs. 0% agarose and †p<0.01 vs. 0.25% agarose.  

 

GAG was released with time in the culture medium in all groups (Figure 4.9A). 

Culture medium of constructs cultured in presence of TGF-β3 contained in total more 

GAGs compared to constructs cultured with FBS, but this effect was only significant 

for 1% agarose groups (p<0.01). Interestingly, significantly more GAGs were released 

in the culture medium of the 1% agarose discs, compared to the constructs that were 

cultured in the customized agarose wells (Figure 4.9B; all p<0.01).  
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Figure 4.9 GAG release in culture medium over 42 days of culture (A) and total GAG release in 

culture medium at day 42 (B).  *p<0.01 vs. FBS group at same agarose concentration and time 

point and §p< 0.01 vs. 1% agarose discs.  

 

4.3.4 Collagen content 

 
Study 1 

 
Figure 4.10 Collagen content in engineered cartilage constructs. *p<0.01 vs. FBS group at same 

agarose concentration and time point and #p<0.01 vs. day 21 within the same medium 

composition.    

No significant differences in collagen content were observed between the three 

agarose concentrations (Figure 4.10).  Collagen content increased significantly with 

time in all groups (all p<0.01) and constructs cultured in presence of TGF-β3 
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contained significantly more collagen compared to constructs that were cultured 

with FBS in all three agarose concentrations (p<0.01).  

 

Study 2 

In constructs cultured with FBS, culturing with different agarose concentrations did 

not significantly influence collagen deposition by the cells (Figure 4.11). In contrast, 

constructs that were cultured in presence of TGF-β3 and without agarose contained 

significantly more collagen than all constructs cultured with agarose (p<0.01). 

Surprisingly, no significant differences in collagen content between day 21 and 42 

were observed, except in constructs and discs cultured with 1% agarose. Further, 

culturing with TGF-β3 resulted in more collagen deposition than with FBS, but this 

was only significant in constructs cultured with 0% and 0.25% agarose and in the 

conventional 1% agarose discs (all p<0.01). 

 
Figure 4.11 Collagen content in engineered cartilage constructs. *p<0.01 vs. FBS group at same 

agarose concentration and time point; #p<0.01 vs. day 21 within the same medium composition; 

§p< 0.01 vs. 0% agarose; †p<0.01 vs. 0.25% agarose and Δp<0.01 vs. 0.5% agarose.  

 

4.3.4 Histology 

 

Study 1 

Alcian Blue staining and Picrosirius Red staining of the cultured constructs showed 

that GAG and collagen deposition was evident in all groups (Figure 4.12). GAG and 

collagen distribution appeared to be more uniform in constructs cultured with 1%, 

compared to 2% and 3% agarose constructs, but this effect was only visible in 

constructs cultured with FBS. Interestingly, in FBS-supplemented cultures GAG and 

collagen deposition was more restricted to cell perimeter or territorial region (Figure 
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4.12A-C & G-I), whereas distribution in TGF-β3-supplemented cultures was more 

uniform in all groups (Figure 4.12D-F & J-L). 

 

Figure 4.12 Alcian blue staining for GAG (A-F) and Picrosirius Red staining for collagen (G-L) of 

cross-sectional slides of 5 µm thickness of the cultured chondrocyte-seeded agarose constructs 

after 42 days of culture with hematoxylin as nuclear counterstaining.  

 

Study 2 

In FBS-supplemented cultures, GAG and collagen distribution became less uniform 

throughout the construct with increasing agarose concentration. Constructs cultured 

without or with very low amount of agarose showed a more diffuse deposition of 

GAGs and collagen around the cells, compared to the higher agarose concentrations 

(Figure 4.13A-E and K-O). In contrast, in TGF-β3-supplemented cultures this effect of 

agarose concentration on matrix distribution was absent (Figure 4.13F-J and P-T).  In 

constructs cultured with 1% agarose it was observed that, similar to study 1, GAG 

and collagen deposition was more restricted to cell perimeter or territorial region in 

FBS-supplemented cultures, whereas distribution in TGF-β3-supplemented cultures 

was more uniform (Figure 4.13G-L). 
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Figure 4.13 Alcian blue staining for GAG (A-J) and Pircrosirius Red staining for collagen (K-T) of 

cross-sectional slides of 5 µm thickness of the cultured chondrocyte-seeded agarose constructs 

after 42 days of culture with hematoxylin as nuclear counterstaining.  

 

4.4 Discussion 

We have demonstrated that varying agarose concentration from 0.25%-3% does not 

influence matrix content, but does influence the distribution of GAGs and collagen in 

cartilage constructs cultured in the presence of FBS. Further, we have demonstrated 

that culturing in presence of TGF-β3 results in increased matrix content in all groups 

and a more homogeneous matrix in constructs cultured with higher agarose 

concentrations, compared to culturing with FBS. Culturing without agarose in 
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presence of TGF-β3 leads to highest mechanical properties and biochemical content, 

compared to any of the constructs cultured with agarose hydrogel. 

There is no direct correlation between agarose concentration and matrix content, 

which is not in accordance with our hypothesis that, due to decreased pore size and 

number in higher concentration agarose hydrogels, newly synthesized ECM 

molecules would be entrapped more efficiently, resulting in an increased amount of 

ECM within the higher concentration agarose constructs. However, the finding that 

lowering agarose concentration does not lead to lower matrix content, combined 

with the appearance of a more homogeneous matrix distribution in low 

concentration agarose constructs, creates opportunities for in vivo cartilage repair 

studies. These studies would benefit from the use of reduced amounts of agarose, 

because it will avoid biocompatibility issues even more. In addition, embedded 

chondrocytes would still benefit from the initial structural support of agarose matrix 

and maintain their phenotype, which is favorable for ECM synthesis.  

Lowering agarose concentration did not result in release of more matrix 

components into the culture medium. We therefore assume that production and 

capturing of matrix products within the constructs is not directly dependent on pore 

size or number in the hydrogel, but is affected merely by the surrounding ECM 

network. Interaction between existing ECM and the diffusivity of newly synthesized 

molecules is likely to influence matrix distribution in engineered cartilage and 

consequently its mechanical properties (Natoli et al. 2009a). Surprisingly, release of 

matrix components was higher from the standard 1% agarose discs, than from 1% 

agarose constructs cultured in the agarose well set-up. In the latter set-up it is 

possible that GAGs were released not only in the culture medium but also diffused 

into the surrounding agarose wells. That is why we also analyzed these for GAGs, but 

amounts were below detection limit. Culturing in this confined set-up is likely to be 

beneficial for matrix retention within the chondrocyte-seeded constructs.  

Culturing with TGF-β3 instead of FBS resulted in improved mechanical properties 

and increased GAG and collagen content, which is in agreement with other studies 

(Blunk et al. 2002; Mauck et al. 2003c). In addition, in presence of TGF-β3 most of 

the matrix components were laid down in the interterritorial region, further away 

from the chondrocyte, a finding which is in accordance with a previous study by Van 

Osch et al. (van Osch et al. 1998). In FBS-supplemented cultures, most of the matrix 

components were deposited close to the chondrocytes in the pericellular and 

territorial regions. Since mainly the interterritorial matrix contributes to the 

mechanical properties of the construct (Darling et al. 2010), this difference in ECM 

distribution may explain at least part of the increased Eeq of constructs cultured with 

TGF-β3.  
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It is unclear why matrix components are laid down further away from the 

chondrocyte when cultured in presence of TGF-β3 compared to FBS. It has been 

previously demonstrated that TGF-β downregulates the formation of collagen 

pyridinoline cross-links formation by articular chondrocytes in alginate culture 

(Jenniskens et al. 2006). We speculate that, because of the reduced amount of cross-

links in the cultures with TGF-β3, matrix components are entrapped less efficiently in 

the surrounding matrix, which enables them to diffuse further away from the 

chondrocyte. This idea is supported by the increased release of GAGs into the culture 

medium in TGF-β3 cultures.     

Constructs that were cultured without agarose showed improved mechanical and 

biochemical properties over constructs that were cultured in an agarose hydrogel 

scaffold. Chondrocytes maintained their phenotype and synthesized cartilage-

specific ECM components which is in agreement with literature (Elder et al. 2009; 

Elder and Athanasiou 2008; Gigout et al. 2008). Previous studies have indicated that 

a scaffold-less approach can lead to relatively high aggregate moduli compared to 

cultures with scaffold material (Revell et al. 2008a; Novotny et al. 2006), which is in 

agreement with our results.  

A disadvantage of constructs without or with low amounts of supporting scaffold 

material is that it is difficult to control or determine their dimensions and that they 

are initially mechanically very weak. Consequently, the weak constructs may break 

down as a result of the applied mechanical loading, which is an essential trigger for 

stimulation of cartilage growth in tissue engineering approaches (Buschmann et al. 

1995; Kock et al. 2010; Kock et al. 2011; Lima et al. 2006). A possible solution to 

circumvent this problem is to first to not apply loading before the ECM network 

within the construct has sufficiently developed (Lima et al. 2007). This way the 

beneficial effects of using no or low amounts of agarose and application of 

mechanical loading could be combined which will likely improve the quality of tissue-

engineered cartilage and make it favourable for in vivo cartilage repair studies.  

In conclusion, the results of this study highlight first the significance of culturing 

chondrocytes in constructs with no or low concentrations agarose, and second the 

presence of TGF-β3 for formation of engineered cartilage. 
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The contents of this chapter are based on: Linda M. Kock, Corrinus C. van Donkelaar 

and Keita Ito (2012). Sliding indentation enhances collagen content and depth-

varying matrix distribution, submitted.    
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5.1 Introduction 

The limited ability of damaged articular cartilage to repair itself poses a major clinical 

problem. A potential solution for this problem is to use tissue engineering to repair 

articular cartilage defects. The main goal of cartilage tissue engineering is to develop 

tissue with sufficient load-bearing properties, which are determined by both amount 

and organization of the synthesized extracellular matrix (ECM).   

Articular cartilage engineering studies typically focus on engineering constructs 

with average native mechanical and biochemical properties (Kock et al. 2011). 

Recently, considering the importance of depth-dependent variations in normal 

articular cartilage, studies have aimed at engineering cartilage with zonal structure, 

function, or both. Approaches to mimic the zonal structure and function include cell-

based methods (Kim et al. 2003; Klein et al. 2003; Waldman et al. 2003; Schuurman 

et al. 2009; Malda et al. 2010), scaffold-based methods (Woodfield et al. 2005; Ng et 

al. 2005; Ng et al. 2006; Klein et al. 2009a; Klein et al. 2009b; Cohen et al. 2006), and 

a combination of both methods (Nguyen et al. 2011a; Nguyen et al. 2011b). 

Here, we propose an alternative approach to induce depth-varying inhomogeneity 

within chondrocyte-seeded agarose constructs, based on application of mechanical 

loading. Mechanical loading is a well-established trigger for ECM synthesis in tissue-

engineered cartilage (Schulz and Bader 2007; Mauck et al. 2000; Kock et al. 2010b; 

Kock et al. 2009; Waldman et al. 2004). Therefore, we hypothesized that by applying 

depth-dependent mechanical cues to the chondrocytes, these would be stimulated 

to produce a depth-varying ECM content. For this we developed a bioreactor that 

indents constructs with a glass bar, which moves over the construct without relieving 

the indentation strain (Figure 5.1). This loading regime we refer to as sliding 

indentation and has shown to stimulate matrix synthesis in periosteum-derived 

cartilage tissue (Kock et al. 2010c; Khoshgoftar et al. 2011a). 

Numerical evaluation of this back-and-forth sliding indentation  loading regime 

has shown that it induces depth-varying strain fields in chondrocyte-seeded agarose 

hydrogels, with high magnitude strains in the top half of the construct (Figure 5.1; 

red) and lower strains in the bottom part of the construct (Figure 5.1; green) 

(Khoshgoftar et al. 2011c). 

Based on the knowledge that sliding indentation induces a depth-dependent 

mechanical stimulus and that mechanical stimulation induces ECM synthesis, we 

evaluate in the present study whether sliding indentation applied to chondrocyte-

seeded agarose hydrogel constructs results in a depth-dependent ECM synthesis that 

corresponds with the applied strain field.  
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To test this hypothesis, two separate studies were performed. First, a short-term 

study was performed in which constructs were cultured for 7 days and were 

afterwards analyzed for gene expression levels of aggrecan and collagen type I and II 

at different depths. Second, a long-term study was done in which constructs were 

cultured for 28 days and subsequently analyzed for ECM content in depth.  

 

 

Figure 5.1 Numerical evaluation of local indentation (A, left) and indentation combined with 

sliding over a day 0 construct (B, left). Magnitudes of maximal principle strains per location by 

local 10% indentation (A, right) and over 1 cycle induced by sliding indentation with 10% depth (B, 

right). (Courtesy of Mehdi Khoshgoftar).   

 

5.2  Materials & Methods 

 

5.2.1 Sliding indentation bioreactor system 

A bioreactor was designed to apply sliding indentation to chondrocyte-seeded 

agarose constructs (Figure 5.2A). The bioreactor consists of a bottom plate with six 

separate containers, each containing a trough (length: 11.6 mm; width: 8 mm; height: 

3 mm) for the constructs (Figure 5.2C) and an indenter unit, which positions three 

cylindrical glass indenters (Ø 4.5 mm) on top of three of the six constructs (Figure 

5.2B). The three remaining unloaded constructs function as control. The bioreactor is 

designed to move the indenters back and forth in an exact horizontal plane of 

motion over the constructs and the indentation depth of each indenter can be 

adjusted separately. 
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Figure 5.2 Sliding indentation loading bioreactor system. Overview of complete sliding 

indentation bioreactor system including motor (A); core part of sliding indentation bioreactor 

with indenter unit (B) bottom plate with medium container and trough (C).   

 

5.2.2 Cartilage and chondrocyte isolation 

Full-depth slices of articular cartilage were removed from the carpometacarpal joints 

of the forelimbs of three young (8-12 month old) calves. The cartilage slices were 

minced and washed twice with phosphate-buffered saline supplemented with 1% 

Pen-Strep (Lonza, Basel, Switserland). Afterwards the slices were combined and 

digested with 0.5% collagenase type II (Worthington, Antonides – Interchema, 

Oosterzee, The Netherlands) at 37°C with stirring. After 16 h, the released 

chondrocytes were passed through a 70 µm pore size cell strainer (Becton Dickinson, 

Heidelberg, Germany), washed in DMEM (Gibco, Karlsruhe, Germany) and 

resuspended in DMEM supplemented with 10% fetal bovine serum, 1% Pen-Strep 

and 0.1% amphotericin (Sigma, St. Louis, MO, USA).  

 

5.2.3 Culture protocol 

For both short- and long-term study, chondrocyte-seeded agarose hydrogel 

constructs 2% (w/v) agarose with a final cell concentration of 20 million cells/ml 

were produced (total of n=12) in two bioreactor bottom plates. Cell suspensions 

were equally mixed with 4% (w/v) agarose (type VII, Sigma, St. Louis, MO, USA). The 

chondrocyte/agarose suspensions were allowed to solidify at room temperature for 

10 min and subsequently redundant agarose was scraped off with a razor blade, to 

level the constructs at exactly 3 mm height. Afterwards, 7 ml of serum-free culture 

medium was added to each construct, consisting of hgDMEM supplemented with 1% 

Pen-Strep, 0.1% Amphotericin, 0.1 mM dexamethasone, 50 mg/ml ascorbate 2-
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phosphate, 20 mg/ml l-proline, 100 mg/ml sodium pyruvate, 1x ITS+ and 10 ng/ml 

TGF-β3.  

The constructs were allowed to equilibrate for 2 days and afterwards, two groups 

were defined. In both studies, the control group (CTR) contained constructs (n=6) 

cultured in the bioreactor system without receiving mechanical loading. The other 

group (IND) consisted of constructs (n=6) that were loaded by sliding indentation. 

Sliding indentation was applied at 10% depth and the indenter moved back and forth 

over the agarose construct once every second (equiv. to 22 mm/sec sliding) for 4 

hours a day and 5 days a week. In the short-term study, constructs were cultured for 

7 days in total and in the long-term study for a total of 28 days. In both studies, 

medium was changed every other day and in the long-term study, removed medium 

was stored at -30°C for analysis of released ECM components. 

 

5.2.4 Gene expression analysis: short-term study 

After 7 days of culture, each sample (n=6 per group) was divided into two parts. One 

part was used for full-depth analysis of gene expression levels. The other part was 

sliced in three parts with a vibratome, creating a top and middle layer with a 

thickness of each 750 µm and a bottom layer with a thickness of 1500 µm for 

analysis of gene expression levels in depth. Total RNA was extracted from the 

samples using the RNeasy mini kit (Qiagen, Venlo, The Netherlands) according to the 

manufacturer’s instructions. Synthesis of cDNA was carried out using 0.5 mM dNTPs 

(Invitrogen), 2 µg/ml random primers (Promega, Madison, USA), 10 mM DTT 

(Invitrogen), 4 IU/µl M-MLV (Invitrogen), M-MLV Buffer (Invitrogen), and ddH2O). The 

temperature profile of the cDNA synthesis protocol was as follows: 6 min at 72°C, 5 

min at 37°C (subsequent addition of M-MLV), 60 min at 37°C, and 5 min at 95°C. 

Samples were stored at 4°C until use for quantitative PCR (qPCR). 

Stability of reference genes was investigated using a geNorm reference gene 

selection kit (PrimerDesign, Southhampton, UK). The most stable reference gene was 

GAPDH and this reference gene was therefore used to normalize gene expression 

levels. Primer sets for collagen type I, collagen type II and aggrecan (PrimerDesign, 

Southhampton, UK) were developed and validated for qPCR (Table 5.1). The qPCR 

reaction (MyiQ, Bio-Rad, Hercules, USA) was performed using SYBR Green Supermix 

(Bio-Rad), primers, ddH2O, and cDNA. The temperature profile was: 3 min 95C, 40x 

(20 s 95C, 20 s 60C, 30 s 72C), 1 min 95C, 1 min 65C, followed by a melt curve 

analysis. Target gene expression was evaluated using the ΔCT method.  
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5.2.5 Mechanical testing 

After 28 days of culture, mechanical testing of samples (n=6 per group) in unconfined 

compression between impermeable platens using a standard materials testing 

machine with a 2 N load cell (Zwick Roell Z010, Ulm, Germany) was performed to 

determine the equilibrium Eeq with a testing protocol similar to that used by Mauck 

et al. (Mauck et al. 2006). A cylindrical disc (Ø 6 mm) was punched out of each 

sample and the thickness was measured with a micro caliper. Afterwards the 

samples were placed in a bath with PBS at room temperature and were subsequently 

equilibrated in creep to a tare load of 0.02 N. From this offset, stress relaxation tests 

were performed with a ramp speed of 1 µm/s until reaching 20% strain. After 

equilibrium was reached, the equilibrium Young’s modulus Eeq was calculated from 

the ratio of the equilibrium stress to the applied strain using testXpert II software 

(Zwick Roell, Ulm, Germany). 

 

5.2.6 Biochemical content 

After 28 days of culture, a quarter of each sample (n=6 per group) was divided into 

two parts. One part was used for full-depth analysis of biochemical content. The 

other part was sliced with a vibratome, creating in a top and bottom layer with a 

thickness of each 1500 µm. The samples were lyophilized and subsequently papain 

digestion buffer (100 mM phosphate buffer, 5 mM L-cysteine, 5 mM EDTA and 140 

µg papain per ml) was added, followed by melting for 1 h at 70°C. Afterwards, the 

solution was incubated for 16 h at 37°C with 3.5 μl agarase-solution (1 kU/ml). After 

digestion, the (medium-)samples were centrifuged and the supernatant was used for 

quantification of DNA, GAG and collagen content.  

The amount of DNA was determined using the Hoechst dye method (Cesarone et 

al. 1979) with a reference curve of calf thymus DNA (Sigma). The amount of GAG in 

samples and in the culture medium was determined using a modification of the assay 

described by Farndale et al. (Farndale et al. 1982), and a shark cartilage chondroitin 

sulfate reference (Sigma). For determination of collagen content, digested tissue 

samples were hydrolyzed in 6 M hydrochloric acid (Merck, Whitehouse Station, NJ, 

USA) and orthohydroxyproline (OHP) quantity was assessed as described previously 

(Kock et al. 2010) using an assay modified from Huszar et al. (Huszar et al. 1980) and 

a trans-4-hydroxyproline (Sigma) reference.  
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5.2.7 Histology and immunofluorescent staining 

The other quarter of each sample (n=6 per group) was fixed for 24 hours in 3.7% 

formalin, paraffin-embedded, and 5 µm slides were cut parallel with the loading 

direction and stained with Alcian blue dye to evaluate the distribution of GAG and 

Picrosirius Red to evaluate distribution of collagen in the cultured constructs. 

Hematoxylin was used as nuclear counterstaining.  

Other slides were dewaxed, rehydrated and incubated in TRIS-EDTA buffer at 

100°C for 20 min. Non-specific binding was avoided by incubation in 1% bovine 

serum albumin (BSA) for 30 min. The samples were labeled with PBS containing 

monoclonal primary antibodies for type I collagen (1:100; Sigma, Zwijndrecht, The 

Netherlands) and type II collagen (1:50; II-II6B3 Developmental Studies Hybridoma 

bank, Iowa, USA). Alexa 488-conjugated goat anti-mouse secondary antibody 

labeling (Molecular Probes, Leiden, The Netherlands) for collagen type I and II, and 

propidium iodide nuclear counterstaining were performed to visualize collagen and 

cells.  

 

5.2.8 Statistical analysis 

Statistics were performed with Statgraphics (Statgraphics, Manugistics, Inc., Rockville, 

MD). The effects of loading and depth as well as their interaction were examined for 

significant differences by two-way ANOVA, with gene expression levels of aggrecan, 

collagen I and II, equilibrium Young’s modulus, and amounts of GAG, DNA and 

collagen as the dependent variables. If no significant interaction was found, a one-

way ANOVA with Bonferroni post-hoc testing was used to search for significant 

differences in either treatment or depth within the other factor level. In case of 

significant interaction effect, an independent t-test with Bonferroni correction for 

number of applied comparisons was used to test for significant differences between 

each specific treatment and depth sub-group. Statistical significance was assumed 

for p<0.05. 
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5.3 Results 

 

5.3.1 Gene expression levels aggrecan and collagen type II 

 

Figure 5.3 Gene expression levels (2-ΔCT) of aggrecan and collagen type II in engineered cartilage 

constructs cultured for 7 days. Data represent the mean and standard deviation of six samples 

per group. *p<0.05 vs. full depth within the same experimental condition; †p<0.05 vs. top layer of 

same experimental condition; §p<0.05 vs. middle layer of same experimental condition and 

Δp<0.05 vs. control group at same position.  

Collagen type I gene expression was not measured in any of the samples. In the 

unloaded control samples, gene expression levels of both aggrecan and collagen type 

II were similar in each layer in depth (Figure 5.3). Sliding indentation resulted in a 

significant increase of aggrecan and collagen type II gene expression levels in total 

constructs (full-depth) compared to the unloaded control (both p<0.05).  

Further, sliding indentation induced a depth-dependent response by chondrocytes 

in the constructs. In loaded constructs, aggrecan and collagen type II expression 

levels were significantly higher in the top and middle layer compared to the bottom 

layer and the unloaded control (all p<0.05). In the bottom layer, no effect of sliding 

indentation was observed. No differences in gene expression levels between top and 

middle layer were observed in any of the constructs. Therefore, in the long-term 

study the top and middle layer were taken together and constructs were divided in 

two layers of equal height (1500 µm) prior to quantification of biochemical content.  



Sliding indentation to a induce depth-dependent response by chondrocytes | 61 

 

 

5.3.2 Mechanical testing 

All constructs cultured in the bioreactor system for 28 days had a significantly higher 

Eeq than empty 2% agarose constructs (both p<0.05). No significant difference was 

observed between unloaded control constructs and constructs that were loaded with 

the sliding indentation (Figure 5.4).  

 
Figure 5.4 Equilibrium Young’s modulus of empty, unloaded (Control) and loaded (Sliding 

indentation) samples after 28 days of culture. Data represent the mean and standard deviation 

of six samples per group. *p<0.05 vs. empty 2% agarose hydrogel.  

 

5.3.3 DNA content 

Sliding indentation resulted in a significant increase in DNA content in the top layer 

compared to the unloaded control (p<0.05), but had no significant effect on DNA 

content in the total constructs (full-depth) or in the bottom layer (Figure 5.5). In the 

control group, significant less DNA was measured in the bottom layer compared to 

the top layer and full-depth constructs (p<0.05). In the sliding indentation group, the 

top layer contained significantly more DNA than the bottom layer and full-depth 

constructs (p<0.05). 

 
Figure 5.5 DNA content in engineered cartilage constructs. Data represent the mean and 

standard deviation of six samples per group. *p<0.05 vs. full depth within the same experimental 

condition; †p<0.05 vs. top layer of same experimental condition and Δp<0.05 vs. control group in 

same layer.  
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5.3.4 GAG content 

 
Figure 5.6 GAG content in engineered cartilage constructs. Data represent the mean and 

standard deviation of six samples per group. *p<0.05 vs. full depth within the same experimental 

condition; †p<0.05 vs. top layer of same experimental condition and Δp<0.05 vs. control group in 

same layer.  

Sliding indentation significantly decreased GAG content in the full-depth constructs 

and in the bottom layer compared to the unloaded control (p<0.05), but had no 

significant effect on GAG content in the top layer (Figure 5.6). In the control group, 

significant less GAG was measured in the bottom layer compared to the top layer 

and full-depth constructs (p<0.05). In the sliding indentation group, the top layer 

contained significantly more collagen than the bottom layer and full-depth 

constructs (p<0.05).  

 
Figure 5.7 GAG release in culture medium over 28 days of culture (A) and total GAG release in 

culture medium at day 28 (B).  *p<0.05 vs. unloaded control.  
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GAG is released with time in the culture medium in both groups (Figure 5.7A). 

Sliding indentation significantly increased GAG release in the culture medium 

compared to the unloaded control (Figure 5.7B; p<0.05).  

 

5.3.5 Collagen content 

Sliding indentation resulted in a significantly lower collagen content in the full-depth 

constructs and in the bottom layer compared to the unloaded control (p<0.05), but 

did not significantly alter collagen content in the top layer (Figure 5.8). Within the 

control group, collagen content was significantly lower in the bottom layer compared 

to the top layer and full-depth constructs (p<0.05). Within the sliding indentation 

group, the top layer contained significantly more DNA than the bottom layer and full-

depth constructs (Figure 5.8; p<0.05). 

 
Figure 5.8 Collagen content in engineered cartilage constructs. Data represent the mean and 

standard deviation of six samples per group. *p<0.05 vs. full depth within the same experimental 

condition; †p<0.05 vs. top layer of same experimental condition and Δp<0.05 vs. control group in 

same layer.  

 

5.3.6 Histology and immunofluorescent staining 

Histology followed the results obtained with the biochemical assays. In the unloaded 

control constructs (Figure 5.8A) no obvious gradient in alcian blue staining intensity 

in depth was observed. Staining for collagen (type II) was less intense in the bottom 

layer compared to the top layer in the control constructs (Figure 5.8C&E). Sliding 

indentation resulted in a depth-dependent staining intensity for both GAGs and 

collagen (Figure 5.8B,D&F).  
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The intensity of staining for GAGs in the upper layer of loaded constructs (Figure 

5.9B) is comparable to that of the complete control constructs (Figure 5.9A). In the 

bottom layer of loaded constructs, staining is less intense compared to the upper 

layer (Figure 5.9B) and to the control constructs (Figure 5.9A).  

In loaded constructs stained for collagens (Figure 5.9D), staining in both top and 

bottom layers was less intense compared to that of the complete unloaded 

constructs (Figure 5.9C). Further, staining intensity in the bottom layer was far less 

intense than that in the top layer (Figure 5.9D). The collagen in all constructs was 

type II (Figure 5.9E&F) and staining for collagen type I was not seen in any of the 

samples (data not shown). 

 

Figure 5.9 Alcian blue staining for GAG (A,B), Picrosirius Red staining for collagen (C,D) and 

immunofluorescent staining for collagen type II (E,F) of cross-sectional slides of 5 µm thickness of 

the cultured chondrocyte-seeded agarose constructs after 28 days of culture with hematoxylin as 

nuclear counterstaining. Scalebars  A-D: 200 µm; E-F: 100 µm.   
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5.4 Discussion 

In the short-term study, sliding indentation resulted in increased gene expression 

levels of aggrecan and collagen type II and induced a clear depth-dependent 

response, with highest expression levels in regions that received largest strains. No 

variation in depth was observed in the unloaded control group. In contrary, in the 

long-term study, loaded constructs contained significantly less GAGs and collagen 

than unloaded control constructs. Both unloaded and loaded constructs exhibited 

depth-dependent matrix content, with significantly less deposition in the bottom 

layer compared to the top. Histological staining confirmed that depth-dependent 

matrix distribution was most pronounced in loaded constructs. 

The gene expression data confirm our hypothesis that a depth-dependent 

mechanical stimulus can induce a depth-dependent response of chondrocytes 

seeded in agarose hydrogel constructs. Numerical evaluation of sliding indentation at 

10% depth showed that the loading regime induces largest strains in the upper part 

of the construct (Figure 5.1). In this same region we found significantly increased 

aggrecan and collagen type II gene expression levels. In the bottom layer, where 

strains are low, no differences in gene expression levels between were found. 

Interestingly, Li et al. also demonstrated increased mRNA levels for different 

chondrogenic genes in the top layer of chondrocyte-seeded 3D polyurethane 

constructs which were subjected to surface motion (Li et al. 2007). Their and our 

results indicate that local mechanical stimuli can induce a local response by the cells. 

We speculate that this response may induce a local change in the cellular 

environment, which enables the cells to adapt better to their particular mechanical 

environment.  

The gene expression results did not translate into similar results on tissue 

deposition level on the long-term. GAG and collagen content after 28 days was 

significantly lower in loaded constructs compared to unloaded control constructs. 

Further, the obvious increased gene expression levels in the upper half of the loaded 

constructs did not translate into more GAG or collagen in the same region after 28 

days of culture. Based on our observations on both GAG and collagen quantities as 

well as distribution, we may interpret these results as follows. Sliding indentation 

resulted on the one hand in fewer GAGs within the constructs, but on the other hand 

in more GAGs released into the culture medium. In unloaded constructs in total 1570 

µg GAGs were synthesized by the chondrocytes and in loaded constructs GAGs 1823 

µg, which is 14% more. We therefore conclude that the sliding indentation loading 

regime does affect the anabolic activity of the seeded chondrocytes. However, in the 

loaded group 57% of the totally synthesized GAGs was released in the culture 

medium, whereas this was only 38% in the control group. These results indicate that 
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sliding indentation has a negative effect on matrix retention within the constructs. 

Most of the synthesized GAGs are pushed out of the loaded constructs. Taken into 

account the results on gene level, histology and the computed strain field 

(Khoshgoftar et al. 2011), we hypothesize that GAG synthesis by chondrocytes in the 

top was considerably enhanced due to high strains induced by sliding indentation, 

but that the newly synthesized matrix molecules were pushed out after synthesis, i.e. 

before aggregation. Collagen is known to be a major contributor to entrapment of 

GAG molecules and to the structural integrity of the ECM network. Since collagen 

quantities are low in the cultured constructs, we speculate that a possible 

explanation for GAG loss into the culture medium is that they are not entangled well 

into a surrounding matrix network. In the deeper zone, sliding indentation did not 

significantly enhance GAG synthesis (gene expression data), but some GAGs may be 

lost from this area as well, resulting in a finally reduced content compared to control.  

Unfortunately, our assay was not sensitive enough to detect collagen in the culture 

medium, so even though we consider it likely, it remains speculative whether the 

same mechanism also holds for collagen synthesis.  

Our results demonstrate that release of ECM molecules into the culture medium is 

an important issue, especially for the loaded agarose constructs. A possible 

mechanism is that sliding indentation induces fluid flow, which will affect the 

transport properties within the agarose constructs (Buschmann et al. 1999; Chahine 

et al. 2009) and will probably stimulate the outflow of newly synthesized matrix 

components. A possible way to prevent this is to not apply loading before produced 

matrix components are entangled within the construct and surrounding matrix. 

Delayed loading combined with transient application of growth factors has been 

demonstrated previously (Lima et al. 2007) to accelerate tissue development and 

could as well prevent synthesized matrix molecules to be pushed out of the 

construct.  

GAG and collagen content was lower in the bottom layer of both unloaded and 

loaded constructs. This depth-varying effect in unloaded constructs is probably 

caused by gradients in nutrient, oxygen or growth factor transport towards 

chondrocytes in the deeper zones. This did not induce differences in viability in 

depth in any of the constructs (data not shown), but it may have influenced cell 

metabolism. It has been previously reported that a non-homogeneous oxygen, 

nutrient and growth factor distribution can lead to reduced proliferation and ECM 

synthesis in the inner or deep regions of cultured cartilage constructs (Kellner et al. 

2002; Mauck et al. 2003a; Kelly et al. 2006; Li et al. 2007), and that this is dependent 

of the scaffold thickness, diameter, concentration (Volkmer et al. 2008; Sengers et al. 

2005a; Malda et al. 2004) and ECM development within the constructs (van 
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Donkelaar et al. 2011). In order to improve nutrient supply to the chondrocytes in 

the bottom layer, the bottom plate of the bioreactor could be made permeable so 

that the deep zone of constructs is better accessible to culture medium, nutrients 

and oxygen. 

The equilibrium Young’s modulus of cartilage is determined to a great extend by 

GAGs, which function to resist compressive forces (Mow et al. 1980). Although GAG 

content in loaded constructs was significantly lower than in the unloaded constructs, 

this did not lead to differences in bulk equilibrium Young’s modulus of the constructs. 

Collagen content in loaded constructs was significantly lower than in unloaded 

control constructs and no differences in birefringence patters were observed using 

polarized light microscopy on any of the slides stained with Picrosirius Red (data not 

shown). In a study by Bian et al. using a similar loading regime, equilibrium Young’s 

modulus was significantly increased in loaded constructs compared to unloaded, but 

no differences in bulk biochemical content were observed (Bian et al. 2010a). We 

therefore speculate that the depth-varying distribution affects the bulk equilibrium 

Young’s modulus of the constructs, although the mechanism behind this connection 

is unclear. Besides that, sliding indentation might lead to differences in levels of 

other matrix molecules, such as COMP, link protein, fibronectin, other collagen types 

and collagen cross-linking which may also contribute to the mechanical properties of 

the engineered tissue (Wong et al. 1999; Responte et al. 2007; Kelly et al. 2004). 

Thus, both studies show that it is the absolute not biochemical content of GAG and 

collagen determining the mechanical properties of the constructs, but that 

distribution of matrix components or presence of other matrix components may be 

responsible. This requires further investigation.      

Future studies remain to be performed to get more insight in the effect of 

application of depth-varying strain magnitudes on ECM content and organization in 

depth and how this influences mechanical properties of chondrocyte-seeded 

constructs. Further, it would be interesting to investigate the effect of depth-

dependent strain orientations on collagen fiber orientation. Collagen fiber 

orientation is a major depth-varying factor in articular cartilage, known to 

significantly contribute to the mechanical properties of the tissue. Theories exist that 

the fiber orientation may coincide with strain orientations (Wilson et al. 2006; 

Driessen et al. 2004). In addition, it is interesting to evaluate the effect of the local 

stimuli induced by sliding indentation on expression of characteristic zonal markers 

such as proteoglycan 4 and hyaluronan synthases in depth. This information will give 

more insight in possible phenotypical changes of the seeded chondrocytes towards 

cells with typical zonal characteristics, as shown before by Li et al. (Li et al. 2007).  
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In conclusion, the present study established a mechanical loading regime, which 

can induce a depth-dependent response by chondrocytes seeded in agarose. This is a 

major conclusion that may help developing tissue with depth-dependent matrix 

content and mechanical properties. However, the loading regime is also responsible 

for loss of matrix components into the culture medium. The next step is to further 

improve the protocol so that the depth-varying stimulus remains, while protein 

retention is impaired. This will then help us to engineer cartilage with inhomogeneity 

in content, structure and consequently mechanical properties closer to that of native 

cartilage than currently possible.  
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6.1  Introduction 

The limited ability of damaged articular cartilage to repair itself and the morbidity 

that accompanies this injury pose a major clinical problem. A potential solution for 

this problem is to use tissue engineering to repair articular cartilage defects.  

However, to be able to accomplish this, a comprehensive understanding of the 

chondrogenic process itself is needed. One model of chondrogenesis that enables 

the study of all phases of cartilage repair is that of periosteal chondrogenesis 

(O'Driscoll and Fitzsimmons 2001). The chondrogenic potential of periosteum has 

been shown in both in vivo (O'Driscoll 1998; O'Driscoll et al. 1986; O'Driscoll et al. 

1988) and in vitro (O'Driscoll and Fitzsimmons 2001; Gallay et al. 1994; Miura et al. 

1994; O'Driscoll et al. 1994) studies.   

O’Driscoll et al. developed an in vitro organ culture model in which rabbit 

periosteal explants form cartilage when suspended in agarose gels (O'Driscoll et al. 

1994). Using this organ culture model, it was shown that addition of transforming 

growth factor β1 (TGF-β1) and application of dynamic fluid pressure enhanced 

periosteal chondrogenesis, observed by increased production of proteoglycans and 

collagen type II (Miura et al. 1994; Miura et al. 2002; Mukherjee et al. 2001; Saris et 

al. 1999; Fukumoto et al. 2003b). These studies have shown that the periosteum 

organ cultures respond to their biochemical and mechanical environment. The major 

advantage of this approach over more standard approaches is that we can study 

chondrogenesis without the presence of scaffold material, while we are able to apply 

a well-defined mechanical loading protocol. This particular combination of 

possibilities is not available in commonly used cartilage tissue engineering setups. 

However, similar to other cartilage tissue engineering systems, only low amounts 

of collagen type II are synthesized in the formed cartilage in periosteal explants in 

vitro. The small quantity of collagen type II is a general shortcoming of cartilage 

tissue engineering and is believed to be the most prominent reason why engineered 

cartilage does not reach sufficient load-bearing properties (O'Driscoll et al. 1994; Hu 

and Athanasiou 2006b; Hung et al. 2004; Huang et al. 2008). In healthy cartilage, the 

function of the collagen fiber-network is to resist tension. We therefore postulate 

that in order to stimulate collagen formation, we need to apply tension to the 

periosteal explants.  

In order to apply predefined tensile loads, a numerical-experimental approach 

was adopted. Periosteal explants were embedded between agarose layers and 

subjected to sliding indentation, which involves an indenter compressed into the 

construct and slid over the construct to ensure dynamic straining. Numerical 

evaluation showed that sliding indentation results in tensile strain in the tissue, 
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perpendicular to the indentation direction. Furthermore, the model allowed us to 

determine the required indentation depth and thickness of the different layers to 

obtain the optimal loading regime. 

The main goal of the present investigation was to tune the differentiation of chick 

periosteum in the organ culture model towards cartilage formation, rich in collagen 

type II, using combinations of biochemical and mechanical stimuli. We hypothesize 

that addition of TGF-β will stimulate chondrogenesis, whereas sliding indentation will 

enhance collagen synthesis. 

 

6.2  Materials & Methods 

 

6.2.1  Sliding indentation bioreactor system 

A bioreactor was designed to apply sliding indentation to periosteal explants 

suspended in agarose (Figure 6.1).  

 

Figure 6.1 Schematic representation of the sliding indentation bioreactor. The DC motor (1) 

moves the bars with indenters (2). Indentation depth can be set using the top micrometer (3). Six 

indenters are attached to each bar and the indentation depth of each bar can be independently 

set with two small micrometers (4). Up to 12 samples can be placed in a mould (5). The setup 

with three double leaf springs ensures exact horizontal sliding motion (6). 

The core part of the bioreactor was constructed of a single piece of aluminum, 

which was machined such that an inner and an outer frame remained, which were 

connected through four vertical and two horizontal leaf springs. This construction 

stabilized motion of the inner frame in the exact horizontal plane. Continuous 

motion was applied by a DC motor (Maxon, Switzerland). The bioreactor was placed 

inside an incubator at 37°C and 5% CO2. The two horizontal leaf springs allowed 
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vertical positioning of the inner part by a micrometer (Mitutoyo, Japan) located on 

top of the bioreactor. Two aluminum subunits were attached to either side of the 

inner frame, each containing another vertical leaf spring system and a micrometer 

(Mitutoyo, Japan; resolution 10 µm). This allowed independent vertical positioning of 

the two subunits, each with six glass rods that served as indenters (diameter 4.55 

mm, length 8.5 mm) through a stainless steel I-shaped connector.  

Through this system, the indenters could move back and forth in an exact 

horizontal plane at a preset height. The indenters compressed and slid over 

rectangular agarose constructs (length: 12 mm; width: 9 mm; height: 6 mm) inside 

stainless steel moulds. The moulds were locked inside a Teflon container that was 

attached to the bottom plate of the bioreactor. The container was closed with a lid 

that had a small opening for the aforementioned I-shaped connector unit.  

The strains induced by sliding indentation are not homogenous in depth into the 

agarose, and depend on the properties of the construct and the loading conditions, 

including indenter size and indentation depth. To ensure that the periosteal explants 

in the agarose constructs received high amounts of strain, we determined 

numerically the depth at which maximum tensile strains would occur in our 

bioreactor system. Using the finite element method (Abaqus 6.7, Simulia, USA), the 

strain field in a 12 mm long and 6 mm high 3% (w/v) agarose construct was 

computed, which was indented 10% with a 4.5 mm diameter indenter, sliding at 0.2 

mm/s. Contact between indenter and sample was assumed frictionless. A validated 

nonlinear biphasic material model with compressible Neo-Hookean solid matrix 

behavior was used to describe the behaviour of 3% agarose (Wilson et al. 2005). The 

simulation was performed in 2D, and free fluid outflow was allowed to the top-plane 

area of the agarose that was not in contact with the indentor. The bulk and shear 

moduli for agarose were fitted from experimental data (8.5 kPa and 12.2 kPa, 

respectively) (Khoshgoftar et al. 2011). The highest tensile principal strains reached 

16% and were found in the region directly under the indenter, in the upper 1/3 of 

height of the construct (Figure 6.2). The periosteal explants where placed in this 

region of highest strains, at 2 mm depth. 

 

Figure 6.2 Distribution of the maximal principal strain during a full sliding cycle at 10% 

indentation depth. 
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6.2.2  Periosteum isolation and agarose-suspension cultures  

Periosteal explants (17 x 8 mm; approximate number: 144) were aseptically 

dissected from the tibiotarsus of 15-day old chick embryos (‘t Anker, Ochten, The 

Netherlands). Tibiotarsi were carefully dissected, without damaging the periosteum. 

All remaining surgical procedures were performed in PBS. A single longitudinal 

incision through the periosteum along the entire diaphysis was made with a scalpel 

next to the fibula. Both the proximal and distal cartilage was removed via a scalpel-

cut at the epiphyseal base. The fibula was removed without additional tissue. Hereby, 

the periosteum could be peeled from the underlying bone. Subsequently, the 

periosteum was placed in between two agarose layers, in the exact plane in which, 

according to the finite element simulation, high tensile strains occurred. The 

procedure was as follows: the bottom of each well was filled with a 4 mm high layer 

(432 µl) of 3% low-melting temperature agarose type VII (Sigma, Zwijndrecht, The 

Netherlands) and the agarose was allowed to solidify at 4°C for 10 minutes. One 

periosteal explant was placed on the agarose base in each well and was fixed at the 

corners with thin pins in order to keep the periosteum planar and flatten. The 

periosteum was covered by a 2 mm high layer (216 µl) of the same agarose. After the 

agarose had solidified for 15 minutes, pins were removed and the moulds with 

explants were placed into medium containers (12 explants per container) with 26 ml 

of DMEM/F12 medium containing 10% fetal calf serum, 1% ITS+ Premix (human 

recombinant insulin, human transferrin (162.5 µg each) selenous acid (162.5 ng), BSA 

(32.5 mg), and linoleic acid (139 µg)) (BD Biosciences, San Jose, USA), 50 μg/ml 

ascorbic acid and 1% Pen-Strep.  

A pilot experiment was performed in which either TGF-β1 or TGF-β3 was added to 

chick periosteal explants in the organ culture model, to find the most effective 

isomer for our culture model.  

Four groups were defined. The control group contained explants in standard 

medium, cultured under free swelling conditions (CTR). In the other groups either 

the medium was supplemented with 10 ng/ml TGF-β1 (TGF), the samples were 

loaded by sliding indentation (IND), or 10 ng/ml TGF-β1 was added in addition to 

sliding indentation (TGF-IND). Sliding indentation was 10% of depth at 20 mm/sec 

and the indenter moved back-and-forth over the agarose once every 2 seconds for 4 

hours/day. Medium was changed three times per week and after 0 (n = 16), 1 (n = 16 

per experimental group) or 2 (n = 16 per experimental group) weeks of culture, 

periosteal explants were removed from the agarose layers and analyzed. 
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6.2.3  Biochemical content 

Per experimental group and per time point, 8 periosteal explants were lyophilized, 

weighed dry, and digested in papain solution (100 mM phosphate buffer, 5 mM L-

cystein, 5 mM EDTA and 125-140 μg/ml papain) at 60°C for 16 h. The amount of DNA 

was determined using the Hoechst dye method (Cesarone et al. 1979) with a 

reference curve of calf thymus DNA (Sigma). The GAG content was determined using 

a modification of the assay described by Farndale et al. (Farndale et al. 1982), and a 

shark cartilage chondroitin sulfate reference (Sigma). Subsequently, digested tissue 

samples were hydrolyzed in 6 M hydrochloric acid (Merck, Whitehouse Station, NJ, 

USA) and hydroxyproline (HYP) quantity was assessed using an assay modified from 

Huszar et al. (Huszar et al. 1980) and a trans-4-hydroxyproline (Sigma) reference. The 

amounts of DNA, HYP and GAG were expressed per mg dry weight of tissue. 

 

6.2.4  Histology and immunohistochemistry 

Per experimental group and per time point, 8 periosteal explants were fixed in 

formalin and paraffin-embedded and 5 µm slides were taken through the middle of 

the explants and stained with Safranin-O/Fast Green dyes to evaluate the 

distribution of GAG and collagen.  

Other samples were de-waxed, rehydrated and incubated in TRIS-EDTA buffer at 

100°C for 20 minutes. Non-specific binding was avoided by incubation in 1% bovine 

serum albumin (BSA) for 30 minutes. The samples were labeled with PBS containing 

monoclonal primary antibodies for type I collagen (1:100; Sigma, Zwijndrecht, The 

Netherlands) and type II collagen (1:100; Acris GmbH, Germany), after testing for 

specificity. Alexa 555- and 488-conjugated goat anti-mouse secondary antibody 

labeling (Molecular Probes, Leiden, The Netherlands) for collagen type I and II, 

respectively, and DAPI nuclear counterstaining were performed to visualize collagen 

and cells. 

 

6.2.5  Statistical analysis 

Statistics were performed with Statgraphics (Statgraphics, Manugistics, Inc., Rockville, 

MD). The effects of treatment and time as well as their interaction were examined 

for significant differences by two-way ANOVA, with GAG, DNA and HYP per dry 

weight as the dependent variables. If no significant interaction was found, a one-way 

ANOVA with Bonferroni post-hoc testing was used to search for significant 

differences in either time or treatment within the other factor level. In the case of a 

significant interaction effect, an independent t-test with Bonferroni correction for 
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number of applied comparisons was used to test for significant differences between 

each specific time and treatment sub-group. Statistical significance was assumed for 

p<0.05. 

 

6.3 Results 

 

6.3.1  Biochemical content 

The amount of DNA per dry weight in the periosteal explants in between agarose 

layers was significantly lower after 1 week of culture than freshly harvested 

periosteum in all experimental groups (all p<0.05). Between 1 and 2 weeks of culture, 

no significant differences were found (Figure 6.3A). 

GAG content per dry weight increased with culture time in CTR and TGF groups, 

and no significant differences between both groups were observed. In contrast, GAG 

content in the IND group did not significantly change in time, but was significantly 

lower compared to the CTR and TGF groups at week 1 and 2 (all p<0.001). 

Interestingly, in the TGF-IND group, GAG content per dry weight significantly 

increased in time and was significantly higher than in the IND group at both 1 and 2 

weeks of culture (p<0.001) and similar to GAG levels in CTR and TGF groups at both 

time points (Figure 6.3B). 

 
Figure 6.3 DNA (A), GAG (B) and HYP (C) content of periosteal explants (n=8 per experimental 

group and time point). * p<0.05 vs freshly harvested periosteum at week 0, Δ p<0.05 vs week 5 

within the same experimental group, § p<0.05 vs control at the same time point, † p<0.05 vs TGF 

group at the same time point, ‡ p<0.05 vs IND group at the same time point. 
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HYP content per dry weight did not significantly change with time of culture in 

CTR and TGF groups. In contrast, in both IND and TGF-IND groups the HYP content 

significantly increased in time (all p<0.001), with no significant differences between 

both groups. The HYP contents in TGF and TGF-IND groups were significantly higher 

than in CTR and TGF groups at week 1 and 2 (all p<0.001) (Figure 6.3C). 

 

6.3.2  Histology and immunohistochemistry 

In freshly harvested periosteum explants, two layers could be detected: the fibrous 

layer and the cambium layer. Directly after harvesting, collagen type I, but not type II 

was detected. 

 

Figure 6.4 Sections of periosteal explants after 2 weeks of culture, stained with Safranin-O/Fast 

Green (A-D; magnification 40x) and with antibodies for collagen type I and II (E-H; magnification 

40x).  
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In the CTR and TGF groups, similar cartilage formation was evident after 1 or 2 

weeks (Figure 6.4A&B), with most cartilage formed after 2 weeks, consistent with 

the absolute amount of GAG per dry weight. The tissues increased in apparent size, 

and became smooth, rounded and solid. Immunohistochemical staining showed 

collagen type II in the chondrogenic area, and collagen type I in the fibrous outer 

layer (Figure 6.4E&F). 

The periosteal explants in the IND group showed no cartilage formation after 1 or 

2 weeks (Figure 6.4C). These explants contained mainly collagen, with sparse islands 

of proteoglycans in 3 out of 16 explants (data not shown), in agreement with the 

biochemical data. Immunohistochemical staining showed collagen type I deposition 

throughout the entire explants and absence of collagen type II (Figure 6.4G). 

Additionally, chondrogenesis was not apparent and no change in size or shape of the 

periosteal tissue was observed. 

In the TGF-IND group, cartilage formation was seen in all explants after 1 or 2 

weeks of culture (Figure 6.4D). However, the area in the tissue in which cartilage 

formation was evident, was less rounded, smooth and firmly shaped compared with 

the CTR and TGF groups. Immunohistochemical staining showed deposition of 

collagen type II in the chondrogenic area of the explants, similar to CTR and TGF 

groups, and collagen type I in the fibrous layer (Figure 6.4H).  

 

6.4  Discussion 

We have demonstrated that tissue differentiation in chick periosteal explants in 

organ culture can be tuned by biochemical and mechanical stimulation. Embedding 

the periosteal explants in between agarose layers induced cartilage formation. 

Addition of TGF-β1 to the culture medium did not further enhance this chondrogenic 

response. Applying sliding indentation to the periosteum in between agarose layers 

enhanced the production of collagen type I, leading to the formation of fibrous tissue 

without any evidence of cartilage formation. When TGF-β1 was added to sliding 

indentation, enhanced collagen production was still present, but now collagen type II, 

while similar GAG was found to unloaded and TGF-β1 treated samples. 

The observation that cartilage is formed in the embryonic chick periosteal 

explants is in agreement with previous in vitro studies, which showed that embryonic 

chick periosteum has chondrogenic potential in vitro (Iwasaki et al. 1993; Fell 1932; 

Nakase et al. 1993). Using the organ culture model, O’Driscoll et al. showed a clear 

chondrogenic response of rabbit periosteum when TGF-β1 was present in the culture 

medium, whereas chondrogenesis was observed only in few cases in cultures 
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without TGF-β1 (O'Driscoll et al. 1994). This is in contrast with our study, in which 

cartilage was produced in explants cultured both with and without TGF-β1. This may 

be explained by the different species or developmental state of the used periosteal 

tissues. O’Driscoll et al. used periosteum of two weeks, two months and six months 

old rabbits, whereas embryonic chicks were used in our study. Embryonic tissue is 

known to be more adaptable to the culture conditions than similar tissue from 

mature animals. Furthermore, it is known that embryonic periosteum naturally 

expresses relatively high amounts of TGF-β, which could affect the chondrogenic 

potential of our tissue in an autocrine manner, so that additional TGF-β was 

redundant. However, in general the effects of TGF-β on chondrogenic response are 

irresolute, with different studies that show stimulation, inhibition or no effect at all 

(O'Driscoll et al. 1994; Huang et al. 2009; Tang et al. 2009; Jansen et al. 2008). 

Further, the choice of the TGF-β isomer for enhancing periosteal chondrogenesis has 

been contradictory. TGF-β1 has been shown to enhance chondrogenic differentiation 

in chick periosteal cells (Iwasaki et al. 1993; Nakase et al. 1993) and rabbit grafts in 

agarose suspension (Miura et al. 1994; Choi et al. 2007b). In other studies using 

human periosteal cells, TGF-β3 was more effective than TGF-β1 in inducing 

chondrogenesis (Foolen et al. 2009). Both isomers induced chondrogenesis similarly 

in our pilot experiments, but explants cultured with TGF-β3 contained considerably 

more hypertrophic cells (Figure 6.5). For that reason TGF-β1 was used. 

 

Figure 6.5 Sections of periosteal explants after 2 weeks of culture without TGF-β (A), with TGF-β1 

(B), or TGF-β3 (C), stained with Safranin-O/Fast Green, showing the appearance of cells in the 

newly formed cartilage. Hypertrophic cells were seen in explants culture with TGF-β3 (C). The bar 

represents 50 µm. 

The periosteum was placed at a height in the agarose at which we computed that 

sliding indentation would exert the highest tensile strains on the tissue, given the 

externally applied indentation depth. This particular height does change with 

indentation depth, but not with slight variations in tissue stiffness or boundary 

conditions between agarose and periosteum. However, the exact magnitude of the 

strain that is applied to the periosteum does depend on these conditions and may 

deviate from the values provided in figure 6.2. In our simulation, agarose properties 

fitted from experimental data (Khoshgoftar et al. 2011) and we measured 
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periosteum properties in our lab in another study (Buschmann et al. 1999). Because 

the periosteum could easily be separated from the agarose sandwich after the 

experiment, we assumed frictionless conditions between agarose and periosteum.    

Mechanical stimulation through sliding indentation is a novel loading regime, 

which aims at stimulating collagen formation by inducing tensile strains. Our results 

on HYP content clearly showed that sliding indentation increases collagen formation 

in periosteal explants. However, even though we set up our study such that the 

periosteum was receiving the highest possible tensile strains in our system, it 

remains to be determined whether tensile strain alone triggered increased collagen 

synthesis. In addition, sliding indentation also induces fluid flow, compressive and 

shear forces. Fluid flow alone (Lee et al. 1981), or fluid flow causing better transport 

of nutrients and waste products, could theoretically influence the response of the 

cells to mechanical loading (Parsons et al. 1999). However, because tensile strain has 

been shown to result in increased collagen production (Kim et al. 2002; Yang et al. 

2004; Wang et al. 2003; Curwin et al. 1988; Davisson et al. 2002), we propose that 

tensile strain is a likely candidate. 

The loading regime was optimized for high tensile strains. However, it is possible 

that loading with other parameters will have a more favorable effect on cartilage 

formation in the explants. From literature it is known that chondrocytes and 

chondrocyte precursor cells react differently to different loading frequencies, 

magnitudes and periods (Elder et al. 2001; Lee et al. 2000a; Lima et al. 2007). 

Therefore, future studies aim at investigating the effect of different sliding 

indentation protocols on cartilage formation in the periosteal explants.  

Sliding indentation in presence of TGF-β1 resulted in cartilage formation with high 

amounts of collagen type II and in absence of TGF-β1 no chondrogenic response was 

observed and only collagen type I was produced, resulting in a fibrous tissue. It is 

interesting to speculate what happens in the tissue in response to sliding indentation. 

Possibly, we stimulated the cells in the fibrous layer or the cambium layer or both. 

Also, the cells subsequently may have stimulated each other. Further, it is unclear 

whether the expression of new tissue occurred in the fibrous or the cambium layer. 

Pluripotent mesenchymal stem cells with the potential to form either cartilage or 

bone are found in the inner cambium layer of the periosteum. In vitro and in vivo 

experiments showed cartilage formation in this cambium layer (O'Driscoll and 

Fitzsimmons 2001; O'Driscoll 1998; O'Driscoll et al. 1986; O'Driscoll et al. 1988; 

Gallay et al. 1994; Miura et al. 1994; O'Driscoll et al. 1994). Hence, we suggest the 

cartilage formation in our study also originates from these cambium cells. However, 

this study does not allow concluding whether the precursor cells respond directly to 

sliding indentation or whether an interaction between cell populations was essential. 
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The mechanism by which these responses occur is a separate issue and requires 

further investigation of the signaling pathways. 

In summary, this study confirms our hypothesis that application of sliding 

indentation stimulates collagen synthesis. We postulate this is caused by tensile 

strains induced by this loading regime. The type of produced tissue can be tuned, 

ranging from collagen type I rich fibrous tissue by only sliding indentation to cartilage 

with high amounts of collagen type II by sliding indentation in presence of TGF-β1. 

We speculate that this stimulatory effect of sliding indentation on collagen synthesis 

is generally applicable to cartilage tissue engineering systems and that therefore this 

technique may be valuable for improvement of the quality of tissue-engineered 

cartilage. 
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7.1 Introduction 

High prevalence of osteoarthritis and poor intrinsic healing capacity of articular 

cartilage create a demand for tissue engineering approaches to produce functional 

cartilage tissue for repair (Hunziker 1999). One ultimate goal in this field of research 

is to develop tissue with sufficient load-bearing properties, which are determined by 

both amount and organization of the synthesized extracellular matrix (ECM) (Kock et 

al. 2011). It is possible to tissue engineer cartilage with almost native 

glycosaminoglycan (GAG) content (Lima et al. 2007; Elder and Athanasiou 2008), but 

collagen reaches only 15% to 35% of the native content after 5-12 weeks of culture 

(Hu and Athanasiou 2006a; Miot et al. 2006; Huang et al. 2008). This insufficient 

collagen content is a major drawback and results in poor load-bearing properties of 

the engineered tissue.  

Mechanical loading is known to be an essential trigger for stimulation of cartilage 

growth in vitro (Schulz and Bader 2007; Mauck et al. 2000; Kock et al. 2010; Kock et 

al. 2009; Waldman et al. 2004). In healthy cartilage, the function of the collagen 

fiber-network is to resist tension. We therefore hypothesize that in order to 

stimulate collagen formation, we need to apply tension to tissue-engineered 

cartilage constructs. Recently, we have shown that collagen synthesis in periosteum-

derived cartilage can be stimulated by application of dynamic tension induced by a 

novel sliding indentation loading regime, which involves an indenter compressed into 

the construct and slid over it to ensure dynamic straining (Kock et al. 2010; 

Khoshgoftar et al. 2011). Based on these results, we postulate that this stimulatory 

effect of sliding indentation on collagen synthesis is generally applicable to cartilage 

tissue engineering systems.  

Agarose has been extensively used as a model system for cartilage tissue 

engineering research. The concentration of the agarose gel determines the scaffold 

structure, diffusive and mechanical properties. Recently, we showed that reducing 

the agarose concentration results in similar GAG and collagen content, but to a more 

uniform matrix distribution compared to constructs cultured in standard 2-3% 

agarose which is favorable for engineering functional cartilage (chapter 4).  

Direct mechanical loading of low-concentration agarose constructs is impossible, 

because these are initially weak and will break down as a result of the applied forces. 

Therefore we adapted the organ model system developed by O’Driscoll et al. 

(O'Driscoll et al. 1994) that we have previously used for application of sliding 

indentation to periosteal explants (Kock et al. 2010). Chondrocytes were seeded in a 

low-concentration (0.5%) agarose layer which was subsequently placed between 

stiffer (3%) cell-free agarose layers, a set-up which we call ‘agarose sandwich’. This 
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agarose sandwich will keep the construct in place and enables us to apply sliding 

indentation to the initially weak chondrocyte-seeded agarose constructs, without 

damaging the tissue. With this model system we explored in the present study 

whether application of sliding indentation will enhance collagen synthesis in 

chondrocyte-seeded low-concentration agarose constructs. 

 

7.2 Materials & Methods 

 

7.2.1 Cartilage and chondrocyte isolation 

Full-depth slices of articular cartilage were removed from the carpometacarpal joints 

of the forelimbs of three young (8-12 month old) calves. The cartilage slices were 

minced and washed twice with phosphate-buffered saline supplemented with 1% 

Pen-Strep (Lonza, Basel, Switserland). Afterwards the slices were combined and 

digested with 0.5% collagenase type II (Worthington, Antonides – Interchema, 

Oosterzee, The Netherlands) for 16 hours at 37°C while stirring. After 16 h, the 

released chondrocytes were passed through a 70 µm pore size cell strainer (Becton 

Dickinson, Heidelberg, Germany), washed in DMEM (Gibco, Karlsruhe, Germany) and 

resuspended in DMEM supplemented with 10% FBS, 1% Pen-Strep and 0.1% 

amphotericin (Sigma, St. Louis, MO, USA).  

 

7.2.2 Culture protocol 

In total, 12 agarose sandwich constructs were created in the sliding indentation 

bioreactor system that is described in chapter 5. In short, the bioreactor consists of a 

bottom plate with six separate containers, each containing a trough (length: 11.6 

mm; width: 8 mm; height: 3 mm) for the constructs. The bioreactor system consists 

of an indenter unit, which positions three cylindrical glass indenters (Ø 4.5 mm) on 

top of three of the six constructs. The bioreactor is designed to move the indenters 

back and forth in an exact horizontal plane of motion over the constructs.  

First, for each sample (n=12) a 2 mm thick layer of 3% low-melting agarose (type 

VII, Sigma, St. Louis, MO, USA) was added to the bottom of each trough and was 

allowed to gel for 20 minutes at room temperature. Afterwards, a small volume of 60 

µl of 0.5% agarose containing 50x106 cells/ml was added on top of each bottom layer. 

This is in the exact plane in which, according to finite element simulations (Kock et al. 

2010), high tensile strains would occur during sliding indentation. After the agarose-

cell suspension had solidified for 30 minutes at room temperature, a 1 mm thick 3% 

low-melting agarose layer was added on top (Figure 7.1).  
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7 ml of serum-free culture medium was added to each construct, consisting of 

hgDMEM supplemented with 1% Pen-Strep, 0.1% Amphotericin, 0.1 mM 

dexamethasone, 50 mg/ml ascorbate 2-phosphate, 20 mg/ml l-proline, 100 mg/ml 

sodium pyruvate, 1x ITS+ and 10 ng/ml TGF-β3. The constructs were allowed to 

equilibrate for 4 days. Afterwards, two groups were defined. The control group (CTR) 

contained constructs (n=6) cultured in the bioreactor system without receiving 

mechanical loading. The other group (IND) consisted of constructs (n=6) that were 

loaded by sliding indentation. Sliding indentation was applied at 10% depth and the 

indenter moved back and forth over the agarose once every second for 4 hours a day 

and 5 days a week.  Constructs were cultured for 28 days and medium was changed 

every other day. The removed medium was stored at -30°C for analysis of released 

ECM components. 

 
Figure 7.1 Schematic overview of the agarose sandwich model. 

 

7.2.3 Biochemical content 

After 28 days of culture, the tissue-engineered cartilage layer was removed from the 

cell-free 3% agarose layers and divided into two parts. One half of each sample was 

lyophilized and subsequently papain digestion buffer (100 mM phosphate buffer, 5 

mM L-cysteine, 5 mM EDTA and 140 µg papain per ml) was added, followed by 

melting for 1 h at 70°C. Afterwards, the solution was incubated for 16 h at 37°C with 

3.5 μl agarase-solution (1 kU/ml). After digestion, the (medium-)samples were 

centrifuged and the supernatant was used for quantification of DNA, GAG and 

collagen content as described before.  

 

7.2.4 Histology and immunofluorescent staining 

The other halve of each sample (n=6 per group) was fixed for 24 hours in 3.7% 

formalin, paraffin-embedded, and 5 µm slides were cut parallel with the loading 

direction and slides were stained with Alcian blue and Picrosirius Red and 

hematoxylin was used as nuclear counterstaining. 

Other slides were dewaxed, rehydrated and incubated in TRIS-EDTA buffer at 

100°C for 20 min. Non-specific binding was avoided by incubation in 1% bovine 

serum albumin (BSA) for 30 min. The samples were labeled with PBS containing 
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monoclonal primary antibodies for type I collagen (1:100; Sigma, Zwijndrecht, The 

Netherlands) and type II collagen (1:50; II-II6B3 Developmental Studies Hybridoma 

bank, Iowa, USA). Alexa 488-conjugated goat anti-mouse secondary antibody 

labeling (Molecular Probes, Leiden, The Netherlands) for collagen type I and II, and 

propidium iodide nuclear counterstaining were performed to visualize collagen and 

cells.  

 

7.2.5 Statistical analysis 

Statistics were performed with Statgraphics (Statgraphics, Manugistics, Inc., Rockville, 

MD). The effect of sliding indentation on amounts of GAG, DNA and collagen was 

examined for significant differences by an independent t-test. Statistical significance 

was assumed for p<0.05. 

 

7.3 Results 

 

7.3.1 Biochemical content 

 
Figure 7.2 DNA, GAG and collagen content in engineered cartilage constructs. Data represent 

mean and standard deviation of nine samples per group. *p<0.05 vs. unloaded control. 

Sliding indentation did not have a significant effect on DNA and GAG content (Figure 

7.2A&B). Collagen content was significantly higher (39±6%) in constructs that were 
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subjected to sliding indentation compared to the unstrained control constructs 

(p<0.05) (Figure 7.2C).  

GAG was released with time in the culture medium in both groups (Figure 7.3A). 

In the unloaded control group, GAG was released at a constant rate in time. In 

contrast, in the loaded group the GAG release rate was higher during the first 18 

days of culture and was diminished from day 18 till 28 (Figure 7.3A). After 28 days, 

no significant differences in total GAG release was observed between loaded and 

control groups (Figure 7.3B). 

 
Figure 7.3 GAG release in culture medium over 28 days of culture (A) and total GAG release in 

culture medium at day 28 (B). 

 

7.3.2 Histology and immunofluorescent staining 

Histology followed the results obtained with the biochemical assays. No difference in 

staining intensity for GAGs was found between unloaded and loaded constructs 

(Figure 7.4A&B). The distribution of the GAGs in the constructs was uniform in both 

groups. In loaded constructs collagen staining (Figure 7.4D&F) was more intense 

compared to that of the unloaded control constructs (Figure 7.4C&E). Further, at the 

top of the loaded constructs a denser layer with collagen (type II) was observed (see 

arrows in Figure 7.4D&F), which appears to have a horizontal orientation. This layer 

was never found in any of the unloaded constructs. However, no differences in 

birefringence patters were observed using polarized light microscopy on any of the 

slides stained with Picrosirius Red (data not shown). Immunofluorescent staining 

demonstrated that all the collagen deposited was type II (Figure 7.4E&F) and staining 

for collagen type I was negative in all the samples (data not shown). 
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Figure 7.3 Alcian blue staining for GAG (A,B), Picrosirius Red staining for collagen (C,D) and 

immunofluorescent staining for collagen type II (E,F) of cross-sectional slides of 5 µm thickness of 

the cultured chondrocyte-seeded agarose constructs after 28 days of culture with hematoxylin as 

nuclear counterstaining. Asterisk indicates plain agarose that was not fully removed from the 

sample. The scalebar represents 200 µm.   

 

7.4 Discussion 

In the present study, sliding indentation was applied to chondrocyte-seeded low 

concentration agarose constructs, positioned in between stiffer agarose layers. It 

was found that application of sliding indentation in this model system resulted in 

increased collagen type II content in the constructs. No effects of sliding indentation 

on GAG and DNA deposition were observed.  

The poor tensile properties of current engineered cartilage constructs are a major 

problem and are likely caused by the lack of collagen content (Responte et al. 2007). 

We hypothesized that application of dynamic tension may increase collagen 

synthesis, because the function of collagen in articular cartilage is to resist that 

tension. Numerical evaluation showed that sliding an indenter while it compresses a 

construct, results in tensile strains perpendicular to the indentation direction at the 

height at which the chondrocyte-seeded agarose constructs were placed 

(Khoshgoftar et al. 2011). In the present study, we show that the sliding indentation 

loading regime can indeed enhance collagen content in tissue-engineered cartilage 

constructs. These results are in agreement with those previously observed in 

periosteal explants (Kock et al. 2010). Now that we have shown that our loading 

regime can enhance collagen content in chondrocyte-seeded agarose constructs, the 
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next step is to determine the consequences for the tensile properties of the 

constructs.  

Sliding indentation has previously been applied directly on full-depth 

chondrocyte-seeded agarose constructs (chapter 5). A problem in that study was 

that GAGs were pushed out of the constructs. In the present study, we 

demonstrated that this effect could be reduced by using the sandwich model 

developed by O’Driscoll et al. (O'Driscoll et al. 1994), which is embedded between 

two 3% agarose layers. Furthermore, we have recently shown that culturing in low 

agarose concentrations in the presence of TGF-β3 results in a more homogeneous 

ECM distribution and leads to improved mechanical properties (chapter 4). Using the 

sandwich model it is possible to combine the advantages of culturing in low agarose 

concentration and sliding indentation, without causing failure of the initially 

mechanically weak constructs. Another advantage of the set-up is that due to the 

relatively thin (1 mm) upper layer placed on top of the even thinner (approximately 

300-400 µm) chondrocyte-containing layer, issues concerning diminished nutrient, 

oxygen and/or growth factor transport, which we did observe in the deeper layer of 

3 mm 2% agarose constructs (chapter 5), did not arise.  Disadvantages of this set-up 

are that clinical application is difficult, since the engineered cartilage tissue layers are 

too thin to be implanted in vivo and that shape of the constructs is hard to define. 

However, for in vitro purposes the model is a valuable tool to answer fundamental 

questions regarding cartilage development for tissue engineering.  

Sliding indentation did not influence GAG content in the constructs or total GAG 

released into the medium at day 28. However, the GAG release rate in time did differ 

between both groups. In the unloaded control, GAG was released into the medium 

at a constant rate. In contrast, in the loaded group GAG release rate in the first 18 

days of culture was highest and declined during the final 10 days.  Collagen is known 

to be a major contributor to the structural integrity of the ECM network (Responte et 

al. 2007; van Turnhout et al. 2010; Hardmeier et al. 2010). We therefore speculate 

that GAG release in the loaded group in the first phase of culture is increased, 

because GAGs are being pushed out by the sliding indenter, since they are not yet 

entangled into a surrounding matrix network. In a later stage, a certain amount of 

ECM has been deposited and a matrix network has developed which will likely 

capture the GAG molecules and prevent them from being pushed out. Since only 

collagen content in the loaded groups was increased, we think that collagen is the 

main contributor to better GAG retention. We speculate that, because of the bi-

linear course of GAG release in the loaded groups, there may be a threshold in 

collagen content above which molecules are entangled better in the surrounding 

matrix network. However, it could be also other factors, such as changes in fibril 
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diameter or amount of cross-links, or a combination of both played a role as well. A 

way to prevent GAGs from being pushed out by sliding indentation is to not apply 

loading before produced matrix components are entangled within the construct and 

surrounding matrix. In addition, it would be very interesting to know how the 

improved collagen content and possibly organzition alter the compressive and tensile 

properties of the graft.   

Interestingly, many of the loaded samples stained with Picrosirius Red exhibited a 

dense collagen layer in the top of the construct (Figure 7.3D&F). Although this layer 

seemed to have some kind of fibrous appearance, we demonstrated with 

immunofluorescent staining that collagen type I was absent in all samples. Although 

we were unable to provide proof using polarized light microscopy, it appeared as if 

the collagen fibers in this dense layer were oriented horizontally. This finding is 

interesting, since theories exist that the fiber orientation may coincide with strain 

orientations (Wilson et al. 2006; Driessen et al. 2004). Using a numerical model, 

Khoshgoftar et al. predicted that sliding indentation induces horizontal strains in the 

region directly under the indenter, which corresponds with the region at which the 

layer containing chondrocytes was positioned. Unfortunately, we were unable to 

observe differences in birefringence patterns within the constructs by using 

polarized light microscopy.  

In conclusion, this study demonstrates a promising culture model to enhance 

collagen content in tissue-engineered cartilage constructs. The results of this study 

support the hypothesis that application of dynamic tension leads to an increase in 

collagen type II synthesis by chondrocytes. 
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In the past decade, enormous progress has been made in the optimization of 

strategies for tissue engineering of functional articular cartilage. The major 

advantages of engineering cartilage in vitro are that culture conditions can be 

precisely controlled and that material properties can be evaluated during culture, in 

contrast to in vivo approaches, which greatly depend on the conditions at the donor 

site. Implantation of a construct with properties that enable it to withstand in vivo 

loads will have a higher probability for success. However, there are still many 

scientific issues to be addressed before engineered cartilage can be used as a clinical 

therapy.  

 

8.1  Main findings 

In this thesis, some critical steps forward have been made with respect to improving 

the quality of tissue-engineered cartilage. To this end, these methods can be used to 

produce tissue-engineered cartilage for clinical implantation. To achieve this goal, 

some requirements need to be met which are discussed in chapter 2. 

Since our studies are to a great extent dependent on mechano-responsiveness of 

chondrocytes, we first had to establish an appropriate culture model, which then 

could be used to transmit mechanical forces to the chondrocytes. A well-

characterized and widely used model system involves the culturing of chondrocytes 

in agarose. We demonstrated that loading applied on 3% agarose constructs was 

sensed and transduced by the embedded chondrocytes. We found that RGD-

dependent integrins were involved in mediating compression-induced alterations in 

ECM gene expression and protein production, and that this effect was dependent on 

the loading frequency applied.  

We observed in our and other cartilage tissue engineering studies that ECM is 

deposited mainly in a dense pericellular layer close to the chondrocytes. This 

inhomogeneity is believed to negatively affect mechanical properties of the 

engineered tissue. The second aim was to improve ECM distribution at the micro 

scale in chondrocyte-seeded agarose constructs. We demonstrated that distribution 

of ECM components was more uniform throughout the constructs when these were 

cultured with no or low agarose concentration, and when cultured in presence of 

growth factor TGF-β3.  

Zonal characteristics in matrix content and distribution have shown to be essential 

for the mechanical functioning of cartilage tissue, but are not reproduced in tissue-

engineered cartilage. Therefore, our next aim was to create depth-dependent zonal 

variations in engineered cartilage constructs. We explored the hypothesis that 

depth-dependent mechanical cues, induced by a new, dedicated loading method 
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called ‘sliding indentation’, would stimulate ECM synthesis depth-dependently. 

Numerical evaluation of this sliding indentation loading regime has shown that it can 

induce depth-varying strain fields in chondrocyte-seeded agarose constructs. It was 

confirmed that sliding indentation results in a depth-dependent response by the 

embedded chondrocytes, which was strongest in the regions that received highest 

strains. 

Another shortcoming of current tissue-engineered cartilage is its low collagen 

fraction. Since the mechanical function of collagen in articular cartilage is to resist 

tension, we postulated that in order to stimulate collagen formation, we need to 

apply tension to the engineered cartilage constructs. Dynamic tension was applied by 

the aforementioned sliding indentation loading regime. In two separate studies, we 

demonstrated that application of dynamic tension induced by sliding indentation 

stimulated collagen type II production both in chondrocyte-seeded agarose 

constructs and periosteum-derived cartilage. Interestingly, in the periosteal explants 

the type of produced tissue could be tuned, ranging from collagen type I rich fibrous 

tissue by only sliding indentation to cartilage with high amounts of collagen type II by 

sliding indentation in presence of TGF-β. 

 

8.2  Model systems 

The choice for an in vitro model system for cartilage tissue engineering is very 

important, because obviously, outcomes may differ depending on the model. 

Variables in our model system are agarose scaffold concentration, biochemical and 

mechanical stimulation. 

 

8.2.1  Agarose 

Agarose hydrogels are commonly used for cartilage tissue engineering studies as 

they provide a three-dimensional environment for chondrocytes in which they are 

known to maintain their phenotype. In the present thesis we made use of the 

properties of the agarose hydrogel in different ways. 

In chapter 3 agarose was used as scaffold material for 3D chondrocyte-seeded 

constructs, which were subjected to compressive loading. A major advantage of 

using (agarose) hydrogel in combination with mechanical loading is that it is a 

homogeneous matrix, and thus mechanical forces were therefore transmitted 

directly to the embedded chondrocytes. It was important for us to verify the 

mechano-responsiveness of chondrocytes in agarose, since this was where the 

remaining part of this thesis largely depended on.  
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The only material property of agarose that can be varied is its concentration (w/v) 

and consequently the permeability within constructs. We showed in chapter 4 that 

lowering agarose concentration of chondrocyte-seeded agarose constructs was 

valuable for two reasons. First, culturing in lower agarose concentrations resulted in 

a more uniform GAG and collagen distribution in the territorial region in the 

constructs compared to higher concentrations. The second reason was that lower 

amounts of agarose will reduce biocompatibility issues and creates opportunities for 

in vivo cartilage repair studies using agarose. However, it should be considered that 

varying agarose concentrations changes the mechanical environment of the 

embedded chondrocytes and therefore may affect its response to applied 

mechanical stimuli.  Also, an altered ECM distribution may change the mechanical 

environment of the chondrocytes.  

In chapter 4, agarose wells were created to be able to culture low concentration 

agarose constructs. This culture set-up has some advantages over the standard 

agarose discs used in literature. For instance, we have seen that when agarose-cell 

mixtures with very little agarose are cultured as standard discs, cells attach to the 

bottom of the well-plate, which causes unwanted differentiation of the cells. Using 

the agarose wells, this does not occur and the phenotype of the chondrocytes is 

maintained. Further, we have seen that loss of newly synthesized matrix components 

is significantly lower from constructs cultured in the agarose wells, compared to the 

standard discs. Another advantage of the culture model is that shape of the 

constructs can be defined, which is favorable for clinical applications. Finally, the 

constructs may benefit from radial confinement which has previously shown in a 

similar set-up with self-assembled articular cartilage constructs to increase aggregate 

modulus and collagen organization in the direction perpendicular to the surface 

(Elder and Athanasiou 2008). 

In chapter 6 & 7 an adapted version of the organ culture model, developed by 

O’Driscoll et al. (1994) was used. This model, which involves the suspension of e.g. 

periosteum suspended in cell-free agarose layers, has been shown to stimulate 

cartilage production in periosteal explants. Clearly, this model benefits from the 

chondro-inductive capacity of agarose hydrogels. However, for us the most 

interesting feature of this model system is that it enables us to apply dynamic 

tension to chondrocyte-seeded agarose constructs, without issues regarding 

attachment of the slippery agarose, using sliding indentation as explained in chapter 

7. 
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8.2.2 Biochemical stimulus: TGF-β 

TGF-β is known to play a role in cartilage matrix homeostasis and development in 

vivo and in vitro. In our studies, we have observed three different effects of culturing 

in the presence of TGF-β. 

First, in chapter 6 we observed a chondrogenic effect of TGF-β1 on progenitor 

cells in mechanically loaded embryonic periosteal explants. It was observed that 

without mechanical loading, chondrogenesis occured in embryonic periosteal 

explants both with and without the presence of TGF-β1, as confirmed by the 

deposition of GAGs and collagen type II. When sliding indentation was applied to 

these explants in absence of TGF-β1, no chondrogenic response was observed, but 

increased amounts of collagen type I were measured, resulting in a fibrous tissue. 

Application of sliding indentation in presence of TGF-β1 resulted in cartilage 

formation with increased collagen type II fractions. We first assumed that, based on 

findings in the literature, addition of exogenous TGF-β1 was necessary to induce 

chondrogenic differentiation of the progenitor cells residing in the periosteum. 

Interestingly, our findings indicate that the presence of TGF-β1 can overrule the 

differential response of the cells to mechanical loading and further show the 

synergistic effect of mechanical loading in presence of TGF-β1.   

Second, we demonstrated in chapter 4 that culturing of chondrocyte-seeded 

agarose constructs in presence of TGF-β3 resulted in improved mechanical 

properties (chapter 4). Matrix content may contribute to this effect, since addition of 

TGF-β3 increased GAG and collagen content compared to FBS cultures. These 

findings are in agreement with findings in other studies (Blunk et al. 2002; Frazer et 

al. 1994; Mauck et al. 2003c). Furthermore, the type of molecules deposited might 

have changed, which may consequently have influenced compressive properties. 

The third effect of TGF-β3 we observed was that it significantly changed matrix 

organization in chondrocyte-seeded agarose constructs (chapter 4). We observed 

that in presence of TGF-β3 most of the matrix components were laid down in the 

interterritorial region, further away from the chondrocyte, whereas most of the 

matrix components were deposited close to the cells in the pericellular and 

territorial region when cultures with FBS instead of TGF-β3. Since it is commonly 

assumed that the mechanical properties of cartilage are dominated by the 

interterritorial matrix, it is likely that the enhanced matrix homogeneity in TGF-β3 

contributed to the improved mechanical properties as well. 

It was previously demonstrated that TGF-β3 downregulates the formation of 

collagen pyridinoline cross-links in alginate cultures, which may have a negative 
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effect on the mechanical properties (Bastiaansen-Jenniskens et al. 2008b). We 

speculate that this causes newly synthesized matrix molecules to be less efficiently 

entrapped in the surrounding matrix network. One could argue that, if this is the 

correct mechanism behind the effect, mechanical properties of the constructs could 

be further enhanced by making smart use of TGF-β3. We therefore suggest that in 

future studies, constructs should be transiently cultured in presence of TGF-β3 for 

three distinct or related reasons. First, this may prime the pump for matrix synthesis, 

as shown by (Byers et al. 2008)), and secondly will lead to a more homogeneous 

matrix distribution. Finally, we hypothesize that by removal of TGF-β3 formation of 

cross-links will be stimulated, which further improves mechanical properties.  

 

8.2.3  Sliding indentation 

 

Sliding indentation is a loading regime, which involves an indenter compressed into 

the construct and slid over the construct to ensure dynamic straining. In the present 

thesis, this loading regime is applied for two reasons, namely to create depth-varying 

strain fields in chondrocyte-seeded agarose constructs (chapter 5) and second, to 

induce dynamic tension (chapter 6 & 7).  

Our fundamental hypothesis was that dynamic tension could enhance collagen 

(type II) synthesis in tissue-engineered cartilage. This hypothesis was based on 

findings in other types of tissue, such as heart valve tissue, which showed that 

dynamic strain resulted in increased collagen production in vitro (Rubbens et al. 

2009). The use of standard systems to apply tension is very difficult when agarose 

hydrogel is used as scaffold material, because the material is very slippery and will 

not stay attached to grips. As an alternative system, we developed the sliding 

indentation loading regime, which is an elegant way to apply tension without the 

need for construct attachment and to very fragile tissues, such as embryonic 

periosteal explants (chapter 5, 6 & 7). Indeed, application of dynamic tension 

resulted in enhanced collagen deposition in periosteum-derived cartilage, as well as 

in chondrocyte-seeded agarose constructs.  

Our second hypothesis was that depth-varying strains induced by sliding 

indentation would cause a depth-dependent response by the chondrocytes. This 

hypothesis was based on findings in numerous in vitro studies showing that 

mechanical loading affects chondrocyte function and matrix synthesis (Bader et al. 

2011; Kock et al. 2009). We are the first to present a loading regime that induces 

varying strain magnitudes in depth, with high strains in the upper layer of the 

construct and low strains in the bottom layer (Khoshgoftar et al. 2011). Indeed, 

chondrocyte response was highest in the regions that received highest strains.  
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For tissue-engineered cartilage to be mechanically functional, sufficient collagen 

content and fiber orientation are pivotal. A number of in vitro studies have 

demonstrated that orientation of collagen fibers is directed by maximal principal 

strain directions (Kelly et al. 2006; Lee et al. 2008). Sliding indentation is predicted to 

lead to horizontal strains under the indenter, which may generate a superficial zone 

with collagen fibers parallel to the surface or higher modulus near to the surface. 

However, a physiological collagen network with additional vertical fibers in the deep 

zone may not be produced by this loading regime, since vertical strains are absent. A 

numerical study within our group (Khoshgoftar et al. 2011) suggests that a 

combination of sliding indentation and lateral compression may in addition stimulate 

the formation of a deep zone with perpendicularly aligned fibers, creating an arcade-

like collagen architecture. Unfortunately, due to low amount of collagen and very 

small immature produced collagen fibers, we were not able to assess collagen fiber 

orientation in our tissue-engineered constructs. 

The results obtained with our new sliding indentation loading regime gives rise to 

a number of questions and recommendations for further investigation. First, it is 

possible that application of sliding indentation with different loading parameters, 

such as frequency, speed and duration, will have a more or less pronounced effect 

on cartilage formation in the constructs. It is known that chondrocytes respond 

differently to different loading frequencies, durations and magnitudes. Second, it 

might well be that, besides tensile strains, sliding indentation also stimulated 

increased fluid flow, compressive and shear forces. Increased fluid flow could cause 

better transport of nutrients and waste products, but may also enhance release of 

newly synthesized matrix components into the culture medium, as observed in 

chapter 5. More insight in these effects is needed in order to optimize the loading 

parameters.   

 

8.3  Future perspectives and recommendations 

 

8.3.1  Challenges 

The most important questions that remain are: which characteristics should the in 

vitro engineered cartilage possess in order to function as well as the healthy tissue, 

and how do we get there? It is clear that ECM content is important, but it is unclear 

to what extent we need to reproduce the native matrix components in engineered 

cartilage implants pre-implantation. It is possible to obtain native amounts of GAG in 

engineered cartilage, but collagen content is still far below native. In our opinion, 

future research should particularly focus on approaches to increase collagen content, 
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which is essential for proper mechanical functioning of the tissue. Further, in order 

for tissue-engineered cartilage to be mechanically functional, we think that it is 

essential that the depth-dependent matrix organization, especially the arcade-like 

collagen architecture, should be reproduced. Finally, for successful repair in vivo, 

complete integration of the neo-cartilage with the surrounding tissue is required, 

which is an aspect that demands opposite properties from those required for 

mechanical load bearing.  

 

8.3.2  Culture parameters 

Cell source, scaffold material, signaling molecules and mechanical loading are 

considered to be the most important parameters to optimize for improved tissue 

engineering of cartilage. Ultimately, the right combination of these factors should 

result in mechanically functional tissue-engineered cartilage with sufficient collagen 

content and zonal organization, which can be implanted and will withstand the 

mechanically demanding in vivo environment. 

Finding an optimal cell source is the first critical issue. Although primary native 

chondrocytes as used in this thesis perform best, their limited availability makes their 

use unrealistic. Preventing loss of phenotype when chondrocytes are expanded is a 

major challenge. Stem cells seem to be a promising alternative, but they produce 

cartilage tissue with inferior properties compared to chondrocytes. In the next years, 

it will become clear whether, and if so which, stem cells could be the optimal cell 

source for cartilage tissue engineering studies.  

The second issue involves the choice for scaffold material. Natural and synthetic 

materials have been investigated, but until now none of these fulfill all the necessary 

requirements. Agarose hydrogel, the scaffold material used in this thesis, has shown 

to be an appropriate in vitro model system for investigating the effects of mechanical 

stimuli on chondrocytes (chapter 3). Unfortunately, since agarose is not 

biodegradable, it is not a good candidate for cartilage repair studies in vivo. However, 

we showed in chapter 4 that culturing with very low amounts of agarose is feasible 

and will possibly reduce biocompatibility issues.     

Third, we have shown in this thesis that optimal biochemical and/or mechanical 

triggers for matrix production and tissue organization are needed. It remains 

challenging to derive optimal stimuli that can promote proliferation and, if necessary, 

differentiation of cells and that can stimulate synthesis of proper and sufficient ECM 

components at the same time.   
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8.3.3  Numerical-experimental approaches 

In this thesis, we demonstrated that a numerical-experimental approach has 

important advantages. Exploring the effect of different combinations of scaffold 

materials, biochemical and/or mechanical triggers experimentally is challenging, 

costly and time-consuming. We can progress faster if we could reduce the number of 

experimental conditions to explore. This may be achieved if we can refine or 

enhance the interpretation of experimental results, or if we are able to predict the 

outcome of particular experimental conditions and thereby can discriminate 

promising protocols from those with poor potential.  

 

Figure 8.1 Determining optimized mechanical loading regimes for engineering functional 

cartilage involves understanding how mechanical loading at the macroscopic levels perturbs cells 

at the microscopic level, how that perturbation stimulates the cell to adjust its pericellular matrix 

by matrix turnover, and how that microscopic tissue development modulates the functional 

properties at the macroscopic scale. 

One way to achieve this is through theoretical modeling, which may provide 

insight into aspects that are difficult to assess or isolate in experiments. For example, 

the profiles of glucose, lactate and oxygen throughout a tissue-engineered construct 

in time are difficult to measure, but can be computed based on nutrient utilization 

data (Sengers et al. 2005a; Sengers et al. 2005b). Numerical studies have also been 

dedicated to understanding how mechanical loading applied at the macroscopic level 

would perturb chondrocytes at the microscopic level. These perturbations depend 

on the properties of the scaffold (Appelman et al. 2011) and the pericellular matrix 

(Darling et al. 2010). The premise is that such insight could be used to optimize 

implant properties and mechanical stimulation protocols for tissue engineering 

(Figure 8.1).  
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Samenvatting 

 

Het kraakbeen dat de uiteinden van onze botten bekleedt, zorgt ervoor dat we onze 

gewrichten soepel en pijnloos kunnen bewegen. Echter, bij mensen die lijden aan 

artrose is het kraakbeen beschadigd. Dit heeft pijn bij het bewegen en stijfheid van 

de gewrichten tot gevolg.Kraakbeen is slecht in staat zichzelf te herstellen en 

daardoor is artrose progressief. Momenteel is er geen goede therapie beschikbaar 

om kraakbeenschade te herstellen.  

Een mogelijke oplossing voor dit probleem is het beschadigde kraakbeen te 

vervangen door nieuw, in het laboratorium gekweekt, kraakbeen. Op dit moment is 

dit ‘tissue-engineered’ (TE) kraakbeen echter nog niet sterk genoeg om na 

implantatie de belastingen in een gewricht, zoals de knie, te kunnen weerstaan. Een 

van de oorzaken hiervoor is dat slechts 15-35% van de natuurlijke hoeveelheid 

collageen, een essentieel bestanddeel van kraakbeen, aanwezig is in TE kraakbeen. 

Een ander probleem is dat de structuur van het gekweekte kraakbeenweefsel afwijkt 

van die van natuurlijk gewrichtskraakbeen. Het onderzoek beschreven in dit 

proefschrift focust op deze tekortkomingen en beschrijft methoden om de kwaliteit 

van TE kraakbeen te verbeteren.  

Mechanische belasting is een belangrijke stimulus voor chondrocyten 

(kraakbeencellen) om weefsel te produceren. In 3% agarose hydrogel constructs 

behouden chondrocyten hun fenotype, en zijn ze bovendien gevoelig voor 

mechanische belasting. De reactie van chondrocyten op de mechanische belasting is 

afhankelijk van de frequentie van de belasting. Tevens is aangetoond dat deze 

frequentieafhankelijkheid mede bepaald wordt door specifieke integrines.  

Een van de  problemen met het agarose modelsysteem is dat nieuw weefsel 

pericellulair gelokaliseerd blijft, waardoor een inhomogene verdeling van het 

geproduceerde kraakbeenweefsel ontstaat. Dit heeft mogelijk een negatief effect op 

de mechanische eigenschappen van het gekweekte kraakbeen. Dit onderzoek laat 

zien dat het kraakbeen veel homogener verdeeld is in constructs met een lagere 

concentratie agarose hydrogel. Toevoeging van groeifactor TGF-β3, een eiwit dat van 

nature in kraakbeen voorkomt, versterkt dit positieve effect op de weefselverdeling. 

De TE constructs die een homogenere weefselverdeling hadden, bleken stijver te zijn 

dan de constructs waarin het weefsel zich voornamelijk pericellulair  bevond. 
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Naast de verdeling van weefsel op micro niveau is ook de unieke diepte-

afhankelijke weefselsamenstelling van gewrichtskraakbeen essentieel voor de 

mechanische kwaliteit. Deze diepte-afhankelijkheid ontbrak tot nu toe in TE 

kraakbeen. Omdat de productie van weefsel afhankelijk is van mechanische stimuli, 

was de hypothese dat een diepte-afhankelijke weefselsamenstelling kan worden 

verkregen door het toepassen van een diepte-afhankelijke mechanische stimulus. 

Om dit mogelijk te maken is een belastingsprotocol ontwikkeld dat ‘sliding 

indentation’ wordt genoemd. Hierbij wordt een indenter heen en weer bewogen, 

terwijl deze het oppervlak van de agarose constructs indrukt. Hierdoor ontstaat een 

diepte-afhankelijke rekverdeling in de agarose. In de constructs werd het meeste 

kraakbeenweefsel geproduceerd door chondrocyten die zich bevonden in de laag 

waarin de rek het hoogst was. Het is dus mogelijk om met sliding indentation een 

diepte-afhankelijke weefselsamenstelling in te creeëren.  

De derde focus van dit onderzoek was het ontwikkelen van een methode om de 

vorming van meer collageen in TE constructs te stimuleren. De functie van 

collageenvezels in kraakbeen is het bieden van weerstand tegen rek en daarom was 

de hypothese dat het opleggen van rek de collageenvorming in TE constructs zou 

stimuleren. Door middel van sliding indentation is dynamische rek opgelegd aan TE 

kraakbeen constructs en dit resulteerde inderdaad in een toename van de totale 

hoeveelheid collageen in de TE constructs. 

Concluderend kan worden gesteld dat in dit proefschrift verschillende methoden 

zijn ontwikkeld waarmee een toename in collageen productie, diepte-afhankelijke 

weefsel verdeling en een homogenere weefselverdeling op microniveau hebben 

gerealiseerd in TE kraakbeen constructs. Hoewel deze methoden nog verder 

ontwikkeld zullen moeten worden, is met het onderzoek in dit proefschrift een 

belangrijke stap gezet in de richting van het kweken van sterker kraakbeen.  
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