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    Abstract     Already  in utero  developing articular cartilage is exposed to, and is as 
well dependent of, a certain degree of mechanical stimulation (Brommer et al., 
Equine Vet J 37(2):148–154, 2005). Likewise, adult hyaline cartilage is strongly 
regulated by a frequent input of dynamic load. It is now clear that articular chon-
drocytes and mesenchymal stem cells clearly benefi t from physical stimuli  in 
vitro  (Grad et al., Clin Orthop Relat Res 469(10):2764–2772, 2011). The term 
preconditioning has evolved in the fi eld of cartilage tissue engineering, roughly 
describing an enhanced  in vitro  chondrogenesis by application of different stim-
uli which aims to generate more functional constructs for implantation. Physical 
stimulation is one way to precondition cells and is commonly realized by the use 
of bioreactors. Bioreactor systems can closely reproduce the  in vivo  environ-
ment, and can provoke a highly effi cient chondrogenesis. They offer the possibil-
ity to evaluate novel therapeutic approaches while avoiding ethically challenging 
animal models. Mechanical load can be applied by tension, hydrostatic pressure, 
compression, shear, and any combination of these stimuli. In particular, the com-
bination of compression and shear very closely resembles a human joint situation 
(Grad et al., Tissue Eng 12(11):3171–3179, 2006). Physical stimulation of artic-
ular chondrocytes and mesenchymal stem cells can result in an upregulation of 
the classical chondrogenic markers such as collagen 2, proteoglycan-4 and 
aggrecan. Furthermore it has been shown that cell-matrix constructs that have 
been subjected to physical loading highlighted an organized cell-matrix align-
ment in the direction of the mechanical stimulation, when compared to free-
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swelling cell-matrix constructs (Salzmann et al., Tissue Eng Part A 15(9):
2513–2524, 2009). Signifi cantly increased mechanical properties have also been 
reported following mechanical stimulation  in vitro . However, an effective chon-
drogenesis can only be generated when the stimulus is correctly applied in terms 
of modulus, frequency, duration and force. Furthermore, subjected cells have to 
be embedded within a 3-D environment which provides a suffi cient mechanical 
backbone to withstand and transmit mechanical loads while in parallel still per-
mitting effective chondrogenesis. Novel bioreactor tissue engineering approaches 
aiming for articular cartilage repair may focus on stem cell chondrogenesis com-
bining physical with chemical stimuli, which have been shown to be very effi -
cient in promoting  in vitro  chondrogenesis (Li et al., J Cell Physiol 227(5):
2003–2012, 2011).  
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 Key Points 
•     Articular cartilage serves a predominantly biomechanical function.  
•   Hyaline cartilage is dependent on mechanical input to maintain function 

and integrity.  
•   Dynamic shear, compression, fl uid fl ow and hydrostatic pressure are the 

biomechanical hallmarks within articulating joints.  
•   During gait the human walking cadence is normally at the range of 1 Hz by 

which articular cartilage experiences stresses between 3 and 10 Mpa with 
a strain of 10–15 %.  

•   Articular chondrocytes mainly increase collagen type 2, 6, 9, 11, aggrecan, 
COMP, PRG-4 and glycosaminoglycan expression as a physiological 
response to mechanical load.  

•   Bioreactors are devices to culture tissue by provision of a controllable, 
mechanically active environment.  

•   Bioreactors can be operated in order to improve, but also study, the struc-
ture, properties and integration of tissue.  

•   Bioreactors are capable of improving tissue construct size, cellularity and 
molecular composition of tissue such as cartilage by biomechanical 
modulation.  

•   Flow perfusion, hydrostatic pressure, rotating wall, spinner fl ask, compres-
sion, shear or combined stimuli are the most common modes of bioreactor 
stimulation.  

•   Bioreactor, functional tissue engineering is a rapidly increasing experi-
mental and also early clinical fi eld to study and precondition articular 
cartilage.    
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5.1     Introduction 

 Tissue Engineering is a fi eld at the interface of engineering and biology which aims 
to repair or replace injured or diseased tissues and organs, such as articular carti-
lage. Since articular cartilage serves a predominantly biomechanical function, tai-
lored tissue engineering principles are required. To meet this challenge a new 
paradigm termed functional tissue engineering is emphasizing biomechanical con-
siderations during design and development of cell-scaffold constructs [ 1 ]. 
Bioreactors are devices to culture tissue by provision of a controllable, mechani-
cally active environment which can be operated in order to improve, but also study, 
the structure, properties and integration of tissue. Bioreactors are capable of improv-
ing tissue construct size, cellularity and molecular composition. 

 It is becoming increasingly apparent that cartilage defects are frequently osteo-
chondral lesions. The osteochondral junction represents the important backbone for 
the overlying hyaline cartilage. Effective articular cartilage repair can only be 
achieved when there is also healthy underlying bone [ 2 ]. Not only osteochondral 
lesions, but as well bone diseases such as infection, fractures, osteoarthritis or 
osteoporosis are becoming a major medical and socioeconomic problem. In this 
context,  ex vivo  tissue engineering strategies for  de novo  generation of bone tissue 
is also a major fi eld of interest. The use of autologous bone-forming cells and three- 
dimensional porous scaffold materials are, comparable to cartilage tissue engineer-
ing, the two main components to realize bone tissue engineering [ 3 ]. Furthermore, 
different tissue engineering protocols have already realized tissue engineering pro-
duction of osteochondral regenerates [ 4 ,  5 ]. However, this chapter is focussing on 
bioreactor tissue engineering with regard to articular cartilage. Nevertheless, there 
are many similarities concerning basic bioreactor principles, as well as typical bio-
reactor associated drawbacks such as insuffi cient nutrient and oxygen transport and 
removal of waste products from the cells at the interior of the scaffold. 

 An intra-articular environment can be regarded as harsh in terms of mechanical 
and chemical provocation. In particular, hyaline cartilage, which is covering the 
ends of long bones, is subjected to multiple repetitive load cycles and yet often pro-
duces a lifetime of pain free motion and weightbearing. It is a prerequisite for mam-
mals to move and survive without lasting damage. Therefore, articular cartilage is a 
highly developed tissue in order to fulfi l this task and withstand endless cycles of 
near frictionless motion during locomotion. The sacrifi ce associated with this spe-
cialization is a minimal ability to heal when damaged in post-puberty. Current car-
tilage repair procedures regularly fail to completely restore existing defects. Hyaline 
cartilage lesions are very frequent among adult subjects [ 6 ]. Furthermore, they often 
remain clinically silent initially, while morphologically progressing [ 7 ]. Synchronous 
to that, the well-balanced joint homeostasis can turn into an unstable equilibrium 
[ 8 ]. Both play a part in avicious circle, which may be initiated following blunt 
trauma, cruciate ligament ruptures, meniscal lesions or patella dislocation, but 
remain unnoticed over decades [ 9 ]. Only effi cient cartilage repair techniques may 
arrest the progression of continuous degeneration before other means of 
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osteoarthritis prevention become available [ 10 ,  11 ]. Although current cartilage 
repair procedures often struggle to result in a truly effi cient repair, tissue engineer-
ing applications are on the threshold of clinical implementation in order to improve 
 in vivo  transplant performance. These applications may remain close to currently 
available cartilage repair techniques, such as chondrocyte transplantation.  

5.2     Cartilage Repair 

 Already in the 20th century a great variety of surgical techniques have been pro-
posed in order to address existing articular cartilage lesions. Until today, three basi-
cally different surgical options have evolved and are in frequent worldwide use. 
However, there remains controversy on how and when which surgical technique 
should be applied. A worldwide accepted standard guideline does not exist [ 12 ]. 
Arthroscopic microfracturing aims for  in situ  repair of the cartilage defect. Bone 
marrow stem cells (BMSCs) migrate into the defect and settle within the debrided 
lesion. It is anticipated that these cells differentiate into chondrocytes leading to a 
phenotypically correct repair of the lesion. Osteochondral transplantation, which 
can be achieved using open, mini-open or arthroscopic techniques, is aiming to 
replace damaged tissue immediately. Not only the chondral surface, but the underly-
ing bone is also extracted using hollow cutters and consecutively replaced by autol-
ogous or allogenous osteochondral cylinders, which have the same dimensions. 
Defective cartilage is immediately replaced by hyaline cartilage, while at the same 
time addressing the underlying bone. Autologous chondrocyte implantation (ACI) 
aims to regenerate the cartilage defect by using isolated autologous chondrocytes, 
which have been previously obtained from the joint and expanded  in vitro . The sur-
gical techniques all have their specifi c advantages and disadvantages. On any 
account, they have in common that  restitutio ad integrum  commonly does not occur 
following the post-operative intervention [ 13 ]. While early randomized controlled 
trials comparing operative techniques against each other remained mostly inconclu-
sive [ 14 – 16 ], current evidence has shown superiority of cell-based methods, autolo-
gous chondrocyte transplantation, in comparison to microfracturing [ 17 ] as well 
when comparing with osteochondral transplantation [ 18 ]. These aspects become 
particularly true when horizontally large (above 3–4 cm 2 ) defects are concerned. 
Furthermore, a correlation between the quality of the repair tissue and clinical 
symptoms have been described. When mostly hyaline and hyaline-like tissue 
evolves at the defective site, the likelihood of a satisfying clinical outcome is clearly 
increased [ 19 ]. It was shown during clinical ACI that initial strong collagen type 2 
and CD-44 expression within the chondrocytes is signifi cantly correlated with an 
improved clinical outcome [ 20 ]. Tissue quality can be regarded as one major aspect 
when articular cartilage repair is concerned. Morphologically and thus functionally 
well-developed tissue following cartilage repair procedures is more likely corre-
lated with a satisfying long-term clinical outcome than the opposite [ 21 ,  22 ]. The 
mechanical properties of articular cartilage are clearly related to its well-balanced 
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composition of collagens and proteoglycans. Those are maintained by the only 
 co- existing compound within articular cartilage, the chondrocyte. This simple two- 
component structure was initially considered to be easy to reproduce and has been 
considered a perfect target for tissue engineering applications. However, hyaline 
cartilage is constantly dependent on a wide array of biomechanical und biochemical 
input in order to maintain its structure and integrity. It has been shown in an ankle 
fracture model that, when knee joint cartilage is not mechanically stimulated, it is 
suffering from atrophy when compared to loaded control [ 23 ]. It also has been 
shown that certain cartilage specifi c growth factors are upregulated following the 
postoperative course of surgically induced cartilage repair [ 24 ]. Proinfl ammatory 
cytokines, such as interleukin beta 1 and tumor necrosis factor alpha, play a major 
role within a functioning intra-articular environment [ 9 ]. Maintenance of correctly 
operating hyaline cartilage is owing to a required constant physicobiochemical 
input in order to provide a well-balanced joint homeostasis. Bearing this in mind, 
the postoperative rehabilitation following articular cartilage intervention is critical. 
However, it is required that the respective transplanttraverses certain stages of matu-
ration [ 25 ]. It may take up 2–3 years post-implantation until a transplant can be 
regarded morphologically mature and fully ready to use [ 26 ]. It was shown during 
laboratory analysis of different clinical ACI products that the collagen 2/collagen 1 
ratio was fardistant from that of native tissue at the time of transplantation [ 27 ]. This 
may be expected since the biopsies that are taken prior to ACI are usually small and 
contain few cells. Therefore,  in vitro  expansion procedures are required to increase 
cell numbers and it is known that proliferation is antagonistic to differentiation. 
Signifi cant chondrocyte dedifferentiation occurs, with a concomitant increase in 
collagen I expression, as cell numbers and time in 2D monolayer, increase [ 28 ]. 
Progressive rehabilitation schemes have shown an improved outcome when com-
paring with traditional schemes following Matrix-assisted Chondrocyte Implantation 
(m-ACI) [ 29 ], but currently there is not enough evidence to constitute exact time 
points when a patient/a transplant is completely recovered. Related to failed com-
plete restitution of articular cartilage, the transplantation of very immature tissue 
and consequently long patient rehabilitation tissue engineering principles are 
required for future cartilage defect repair.  

5.3     Tissue Engineering 

 Tissue engineering aims to overcome limitations of traditional therapies by repair-
ing or replacing damaged tissue with a  de novo  tissue that resembles the native tis-
sue. These principles clearly aim for improved tissue quality at the time of 
transplantation in order to enhance the respective performance  in vivo . Furthermore, 
patient recovery can be accelerated when more mature constructs are being 
implanted which require less time until full maturation. The term preconditioning 
has emerged to describe  in vitro  procedures that better prepare transplants for natu-
ral  in vivo  environments. 
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 Among the large number of different ways to fulfi l such principles, bioreactor 
tissue engineering defi nes a major aspect when articular cartilage repair is con-
cerned. Bioreactors follow the goal to mimic (mostly biomechanical) natural joint 
surroundings. In that way cells behave  in vitro  as if they were  in vivo  [ 30 ]. In 
response to a biomechanical input, chondrocytes produce matrix as a natural 
response leading to protection and preparation for future mechanical stimulation; in 
the way of “form follows function.” Following this concept, potential transplants 
can be trained/preconditioned prior to re-implantation. A major challenge to over-
come is the inverse relationship between tissue maturation and its potential to inte-
grate and adapt to the healthy tissue surrounding the defect. 

 Various bioreactors have been developed which can apply any combination of 
mechanical, chemical, electrical or magnetic stimulation to enhance mass trans-
fer and nutrient transport within seeded cells, facilitating the correct tissue devel-
opment. During musculoskeletal tissue engineering, they are applied for growth 
of three dimensional tissues, such as cartilage, prior to implantation.  In vivo  
articular cartilage is affected by different biomechanical forces, such as direct 
compression, tensile and shear forces, the generation of hydrostatic pressure, 
cyclic osmotic changes, electric gradients as well as changes in the pH. There are 
a multitude of bioreactor systems available of varying complexity. However, an 
ideal system would allow a precise control of the physiological environment of 
the culture. Temperature, oxygen concentration, pH value, nutrients, media fl ow 
rate, metabolite concentration and eventually as well specifi c tissue markers 
have to be kept within close limits. The culture of tissue is a non-steady state 
process in which parameters constantly change. Bioreactor culture has to pro-
vide nutrients and gases as the respective tissue is accustomed to  in vivo . A bio-
reactor mechanical stimulus should be of a dynamic and intermittent character 
rather than being static pressure in order to induce chondrogenesis. There should 
be an adequate fl uid exchange within the cultured constructs to provide every 
cell with nutrients. Applied biomechanical load should be physiological. While 
low levels of stress has been shown to remain unanswered by the cells, too strong 
mechanical stimulation can even result in apoptotic processes being initiated. 
Furthermore the importance of scaffold binding sites to transmit mechanical sig-
nals to seeded chondrocytes during the initial moments of bioreactor culture has 
been reported. 

 There are currently different options to stimulate chondrogenic cells. Certain 
basic principles are by now familiar. The cellular response to load is specifi c to the 
type of load applied, and this has been shown to be true across the knee joint [ 31 ]. 
During the same loading cycle, the lateral tibial plateau has a greater cartilage con-
tact deformation, but lower cartilage contact area when compared with the medial 
compartment. Both compartments demonstrate a cartilage contact deformation of 
between 10 and 15 %. The rotation of the femur with respect to the tibia also varies 
during gait [ 32 ]. A physiological response of articular chondrocytes can be identi-
fi ed by the production of typical markers of hyaline cartilage. Those are generally 
collagen type 2, 6, 9 and 11, aggrecan as well as the different glycosaminoglycans 
that are attached to the protein backbone. Furthermore, a healthy response to 
mechanical stimulation can be detected when the cells are expressing lubricin 
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(proteoglycan 4, PRG-4) and cartilage oligomeric protein (COMP). Also, 
 histological and mechanical properties have to resemble mature cartilage in order 
to achieve functioning transplants [ 33 ]. 

 Human hyaline cartilage can be described as being viscoelastic, resulting from 
its structural and chemical properties. The dynamic equilibrium of articular carti-
lage is related to its biphasic system. The solid phase is represented by porous and 
permeable parts of the ECM consistent of a collagen mesh, non-collagenous pro-
teins and the non-covalently bound proteoglycans. The other phase is represented 
by the interstitial fl uid along with ions solubilized within. The fl uid phase can be 
separated into water and ions to have three different phases within articular carti-
lage. Negatively charged proteoglycans are capable of binding positively charged 
ions and thus water (fl uid phase) along the osmotic gradient. This fl uid infl ux, and 
the resulting cartilage swelling, is limited by external compressive forces and the 
resisting tensile collagenous network to reach a steady state. The complex orches-
tration of the cartilaginous network only works when the ECM and chondrocytes 
are well-balanced. Accordingly, it is the general goal during cartilage tissue engi-
neering procedures to simultaneously proliferate and correctly differentiate chon-
drocytes, which are commonly cultured three-dimensionally. Human articular 
cartilage is composed of 60–80 % water, 10–20 % collagen type 2, 5–7 % aggregat-
ing proteoglycans, the rest being chondrocytes. This structure develops slowly and 
is dependent of mechanical forces during embryonic organogenesis. The tissue con-
stantly remodels during the lifetime of the organism, emphasising the constant need 
for the correct biomechanical signals to be applied. 

 In such, synovial joints are the constant subject of several combining physical 
factors resulting in reactive change of volume, pressure gradient and fl uid fl ow. 
Articular cartilage is typically exposed to stresses between 3 and 10 MPa with 
potential peaks up to 20 MPa at the hip joint. The human walking cadence is nor-
mally at the range of 1 Hz, which increases or decreases depending on speed of 
locomotion. Deformation of human cartilage without pathology is commonly at 
around 10–15 % strain. These are the cornerstones to which bioreactor tissue engi-
neering principles are adjusting to in order to provoke a physiological tissue 
response. Hence, those values are true for mature human cartilage which has previ-
ously undergone complex differentiation processes during development and there-
fore have to be adapted for early  in vitro  tissue engineering processes. During  in 
vitro  tissue engineering it has been shown that chondrocytes are capable of reacting 
on biomechanical stimulations and converting them into intracellular signals which 
are essential for the maintenance of the entire tissue. While there is still a lack of 
knowledge, it is known that deformation of the chondrocyte itself may take part in 
a mechanical signal transduction pathway. Chondrocytes can react on shifting of 
currents and resulting electrical fi elds induced by mechanical forces. Furthermore 
mechanosensors such as integrins have been reported to reside on the extracellular 
membrane which can provide direct contact with the intracellular ECM. Moreover, 
mechanical stimulation can result in the activation of ion channels via shifting of the 
membrane potential [ 34 ,  35 ]. The exact mechanism of load sensing is unknown, and 
may be dependent on the cell type used (chondrocyte versus MSC), the scaffold 
material in which the cells are embedded, whether the matrix permits cell 
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attachments and through which membrane binding proteins. It has previously been 
shown that the mechanoregulation of chondrocytes in agarose gels requires the cells 
 themselves to produce extracellular matrix prior to being responsive [ 1 ]. Whether 
this is hydrogel specifi c remains to be seen.  

5.4     Bioreactor Systems 

 There are a variety of different bioreactor-induced ways to apply mechanical load. 
Following uniaxial compression the tissue hydrostatic pressure is increasing 
related to the resistance of the negative charges within the solid phase. Hydrostatic 
pressure, mostly related to the fi xed charged density of the proteoglycans, is 
increasing to prevent tissue deformation. The collagenous network does not have 
major effects during these processes. However, when the compression is main-
tained as with static compression, more fl uid is extravasated off the respective con-
struct and pressure upon the collagens is constantly increased. In parallel, less fl uid 
can pass through the construct resulting in a more rigid solid phase. These pro-
cesses take place in order to protect rigid parts of the ECM from higher load peaks. 
In contrast to direct compression, hydrostatic pressure does not result in macro-
scopic deformation of cartilage. Since the solid matrix phase of cartilage is intrin-
sically incompressible, no tissue deformation will occur under an external 
hydrostatic load. However, hydrostatic pressure is considered as one of the most 
important forms of loading to act on cartilage  in vivo . In contrast to direct compres-
sion, hydrostatic pressure is commonly not capable of harming the exposed tissue. 
Following the external application of hydrostatic pressure, hydrostatic pressure 
will increase inside a subjected cell-scaffold-construct. Pressurization results in 
only 10 % of the load remaining as direct compression on the solid phase. 
Hydrostatic pressure may result in only minimal strain at the cellular level. Thus, 
hydrostatic pressure may have direct effects on cell membrane ion channels with a 
pressure-dependent change in intracellular ion concentrations. Alterations in intra-
cellular ion concentrations lead to changes in cellular gene expression, protein 
production and eventually biomechanical properties. During locomotion, and thus 
joint movement, intermittent shear stress is applied on to the tissue surface. In 
response, articular cartilage does not reduce volume, but deforms its structure. 
Shear stress is therefore mostly affecting the upper layers of cartilage or cell-scaf-
fold constructs. Hence, chondrocytes within the upper layer of cartilage are com-
monly horizontally orientated, while those in deeper layers are usually found in 
vertical columns. But also cells within the less fl exible deeper layers are thus 
strongly affected by shear stress, which results in an increased collagen content. 
There are bioreactors capable of exposing subjected constructs to isolated stim-
uli, while there are also devices that are capable of a combinatory mechanical 
input. The latter more closely resembles the human articulating joint and thus may 
generate a more tissue specifi c response. During bioreactor tissue engineering, one 
can adjust the magnitude, frequency, onset, and duration of load application. 
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A physiological biomechanical stimulus closely resembles joint motion of a human 
knee joint. The interaction between subchondral bone and cartilage which is a 
important for load transmission and maintenance of both tissues. This interaction 
is hard to mimic in a bioreactor. Within which, cartilage is  recognizing stimuli as a 
rolling movement of direct compression in concert with a generation of shear and 
tensile forces and high hydrostatic pressure [ 36 ]. 

 The multitude of bioreactor systems currently used is further complicated by a 
lack of standardisation and validation. Most systems are custom built, making com-
parisons between devices diffi cult. Additionally the various groups use different cells 
(age, species, origin, expanded versus non-expanded, different culture media) and 
the scaffolds in which the cells are embedded can also be radically different, leading 
to a varying degree of load transmission potentially through differing mechanisms. 
Even taking these differences into account, certain trends have become apparent. 

5.4.1     Static Culture and Tension 

 When 3-D cultured chondrocytes are cultured  in vitro  under static free-swelling 
conditions, which is the current practice to realize matrix-assisted chondrocyte 
transplantation, it has been shown that little benefi t is observed when chondrogen-
esis is concerned [ 27 ]. Static culture results in a non-homogenous cell distribution 
that does not resemble the native tissue [ 37 ]. Extracellular matrix production is not 
enhanced by isolated 3-D surroundings and chondrocytes have been shown to even 
downregulate typical markers for chondrogenic differentiation such as collagen 
type 2 or aggrecan under such growth conditions [ 38 ]. Furthermore the failure of 
static cultures to recreate the mechanical environment of  in vivo  tissue and to 
achieve mass transport of nutrients into large scaffolds result in the preferential 
growth of cells at the periphery of the scaffold which lacks the biomechanical and 
histological properties of native tissue- it has been previously termed as an edging 
effect [ 39 ]. 

 Similar to static culture, tensile loading is not a typical stimulus within human 
joint surroundings and thus in isolation is not truly physiologically relevant for 
articular cartilage. Thereby, experimental studies mostly described detrimental 
effects following tension bioreactor tissue engineering. Yet, inhibitory effects such 
as down-regulation of proteoglycan production have been reported [ 40 ].  

5.4.2     Bioreactors- Increasing Fluid Exchange 

5.4.2.1     Flow Perfusion 

 Interstitial fl ow in articular cartilage is secondary to shear and compressive 
 deformations during locomotion [ 41 ]. It is linked with the well-characterized 
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heterogeneity in structure and composition of its extracellular matrix. During fl ow 
perfusion bioreactor tissue engineering, cell culture medium is pumped continu-
ously through a cell-matrix construct without internal transport limitations. Hereby 
the local nutrient supply, mass transfer is higher when comparing to rotating wall 
or spinner fl ask systems [ 42 ]. Homogenous cell distribution and higher cell seeding 
effectiveness are resultant. Also biomechanical input is placed onto the cells, which 
has been shown to enhance mechanical properties but as well to enhance the 
expression of the osteoblastic phenotype [ 43 ]. Flow perfusion may serve to provide 
every construct- cultured chondrocyte with nutrients in order to avoid edging 
effects. However, simple fl ow perfusion does not propose a relevant and adequate 
stimulus for articular chondrocytes to establish a functioning ECM as under these 
conditions it is not associated with a concurrent change in osmolarity within the 
tissue.  

5.4.2.2     Rotating Wall 

 The principle of a rotating wall bioreactor is following basic rules of gravity. Cell- 
seeded scaffolds are cultured within medium-fi lled culture fl asks. These are con-
stantly rotated and thus kept from descending to the bottom of the fl ask. Thereby a 
dynamic laminar fl ow with a defi nitive shearing force evolves at the construct sur-
face which is provoking an even cellular distribution and enhanced biomechanical 
properties. The rotating wall bioreactor is kept within a standard CO 2  incubator and 
to enable proper gaseous exchange, one side of the bioreactor chamber is a semi- 
permeable membrane. It was also shown that the rotating wall principle as well is 
applicable for isolated cells [ 44 ]. As with perfusion bioreactors, the rotating wall 
bioreactor allows for a larger construct to be cultured with a more even cell distribu-
tion, but does not apply mechanical stimulation more associated with an articulating 
joint.  

5.4.2.3     Spinner Flask 

 During spinner fl ask bioreactor tissue engineering, cell-seeded scaffolds are attached 
to e.g. needles and are suspended in a fl ask of culture medium. A magnetic stir bar 
is constantly mixing the medium from the bottom of the fl ask and thus providing 
with a turbulent mixing of medium nutrients to the respective constructs. Thereby, 
the mechanical properties of the resulting tissue are enhanced. Drawbacks are to be 
found within the fact that related to the turbulent medium supply, application spikes 
appear that may result in mechanical cell death and unbalanced nutrient supply. 
Also, a fi brous capsule may generate around the constructs with biomechanically 
weak tissue within [ 37 ]. It was furthermore shown that alkaline phosphatase activity 
and osteocalcin secretion was higher in cells that were previously cultured within a 
spinner fl ask when comparing to static or rotating wall bioreactors indicating osteo-
genetic processes.   
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5.4.3     Bioreactors- Applying Mechanical Loads 

5.4.3.1     Hydrostatic Pressure 

 During physiological locomotion, synovial joint fl uid is kept within the cartilage 
ECM, which is increasing hydrostatic pressure. It is related to the negatively charged 
proteoglycans and limited by the collagenous network. When hydrostatic pressure 
is applied intermittently at physiological levels ECM production is promoted. The 
opposite is setting in when the stimulus is static. Parkkinen and colleagues already 
in 1993 reported an increased glycosaminoglycan synthesis during hydrostatic pres-
sure bioreactor tissue engineering in cartilage explant culture. This effect could not 
be provoked within monolayer culture [ 45 ]. In contrast, when cartilage cells are 
cultured three-dimensionally within a scaffold and furthermore subjected to static 
hydrostatic pressure the production of external matrix is upregulated. One has to 
note that when the applied external artifi cial stimulus is non-physiological, e.g. too 
high, apoptosis may be induced within the cells. Generally hydrostatic pressure is 
one very attractive mechanical stimulus in order to increase chondrogenesis and 
thus ECM production and modulation. It works best when applied dynamically 
within physiological limits of 7–10 MPa. Within this range it has also been demon-
strated that hydrostatic pressure has the potential to enhance chondrogenesis of both 
bone marrow [ 46 ] and infrapatellar fat pad derived MSCs [ 47 ].  

5.4.3.2     Compression 

 Uniaxial compression as being observed within human joints is one of the most 
heavily studied modes of mechanical stimulation. If a compressive force is applied 
statically over time it is now accepted that in the majority of cases, a detrimental 
effect to the tissue will arise. Down-regulation of the typical markers collagen type 
2 and 6, aggrecan and glycosaminoglycans are the result. Also, when cultured over 
short periods, dynamic loading of 15 % strain at 1 Hz did not result in a signifi cantly 
upregulated hyaline-like ECM expression when comparing with static culturing 
conditions [ 48 ]. Numerous studies involving dynamic compression suggest a ben-
efi cial effect of load for chondrogenesis within chondrocytes, which is identifi ed by 
the upregulation of collagen type 2 and aggrecan [ 1 ,  49 ]. Of studies involving com-
pression alone, mostly a frequency of 1 Hz and either 10 % or 15 % compression 
has been applied [ 1 ,  49 ,  50 ]. Similar magnitudes led to the greatest increase in 
chondrogenic gene expression and GAG synthesis in MSCs [ 51 – 53 ]. Interestingly, 
it was also shown that dynamic modulation of chondrocytes can also to an extent 
counteract the usually detrimental expression of interleukin 1 beta [ 54 ,  55 ]. The 
effect of uniaxial compression appears to be dependent on the extent of matrix that 
is present around the cells [ 1 ]. It has also been proposed that it shows differing 
effects depending on whether chondrocytes or MSCs are stimulated. While there is 
little doubt that uniaxial load stimulates matrix synthesis in mature chondrocytes, 
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uniaxial load alone does not appear to be able to induce chondrogenesis in BMSCs. 
Either a shear component is required [ 56 ] or a pre-stimulation with TGF-β is 
required to fi rst induce chondrogenesis, resulting a in cell phenotype responsive to 
compression alone [ 57 ].   

5.4.4     Combined Stimuli 

 Bioreactors have been developed which are capable of applying shear superimposed 
over compression [ 30 ,  58 ]. An example of such a device can be seen in Fig.  5.1 . 
Within this device, shear, compression or a combination of the two can be indepen-
dently controlled and regulated. Related to the fact that human articular chondro-
cytes are the subject of combined mechanical stimuli [ 59 ] it has been shown during 
 in vitro  experiments that a combined mechanical stimulus can be more effi cient in 
generating chondrogenesis when compared to isolated stimulation [ 60 ]. The imple-
mentation of motion patterns which approximate the kinematics of physiological 
joint motion can lead to the development of a tissue with properties similar to native 

A

B C

FED

  Fig. 5.1     Left : Cross sectional schematic of the scaffold with its holder. The ceramic hip ball ( A ) is 
pressed against the cell-seeded scaffold ( B ). The scaffold ( B ) is held in place within the main 
holder ( C ) by means of a circular PEEK (poly(ether ether    ketone)) ring ( D ). A fi nal ring of cell free 
fi brin/ PU scaffold ( E ) provides a fi nal structural support to hold the sample in place.  Right : Sample 
in holder. Both the sample and ball are housed in a glass bell to increase sterility (Reproduced from 
Schätti et al. [ 56 ] with kind permission from eCM journal)       
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articular cartilage. It has been shown that responses can be detected at the mRNA 
level within hours of the load being applied [ 58 ]. Studies have shown that dynamic 
compression and sliding surface motion, applied by a ceramic ball, improves the 
gene expression and the synthesis of cartilage specifi c matrix molecules in 
chondrocyte- scaffold constructs [ 61 ]. In such combined bioreactors one is capable 
to recognize differences in reacting ECM production. Sliding surface motion will 
more strongly result in the expression of Lubricin. Dynamic compression will more 
strongly evoke the expression of collagen type 2 and aggrecan. These different types 
of matrix expression are reminiscent of those appearing  in vivo  where chondrocytes 
are adapted to their biomechanical input [ 62 ]. It has been demonstrated that shear, 
superimposed over compression, is able to induce chondrogenesis of human MSCs 
in the absence of exogenous TGF-β [ 63 ] and as expected the response is dependent 
on the amplitude and frequency applied [ 64 ]. It has been proposed that shear is 
required for chondrogenic induction of MSCs [ 56 ].

5.4.5        Synergistic Processes 

 The synovial joint cavity is the host of a great variety of different growth factors, 
cytokines and other proteins. They interact heavily with mechanical stimuli in order 
to orchestrate an equilibrium within the articular cartilage. It is known that growth 
factors work synergistically with mechanical stimuli [ 65 ]. Such synergism was 
demonstrated when bovine articular chondrocytes overexpressing bone- 
morphogenetic protein-2 (BMP-2) were subjected to dynamic compression, shear 
and fl uid fl ow within a bioreactor. When comparing to the isolated stimuli it was 
discovered that singular BMP-2 infl uence was more effective to induce the expres-
sion of typical chondrogenic markers when compared to a singular mechanical 
input. However, when those stimuli were combined clear synergistic effects were 
detected that were higher than the sum of the individual treatments for the expres-
sion GAG/DNA, collagen type 2, and cartilage oligomeric protein (COMP). 
Histology revealed a functional organization in combined groups including an 
intense safranin O staining. Also, immunostaining for collagen II and aggrecan was 
well detected with most intense expression within combined groups [ 38 ]. Paralleling 
growth factors or cytokines, as well hypoxia has been shown to result in an improved 
chondrogenesis over control in terms of stabilization of the chondrogenic pheno-
type [ 39 ]. 

 Similar effects have been seen during the promotion of chondrogenesis in MSCs. 
Adipose derived cells transduced with IGF1 have been shown to lead to a chondro-
genic response [ 66 ]. The chondrogenic response of human MSCs under multiaxial 
load can be further enhanced when the cells are transduced with adenoviral Sox9 
[ 67 ] and such systems can be used to dissect the different regulation pathways of 
chondrogenic genes.   
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5.5     Conclusion 

 For the application of bioreactor tissue engineering, cells, either matrix-associated 
or condensed, are required for mechanical stimulation. When articular cartilage 
repair is concerned, chondrocytes are already involved with the maintenance of car-
tilage tissue and thus tailored for tissue engineering applications [ 68 ]. Hence, cur-
rent clinical tissue engineering principles concentrate on the application of 
autologous chondrocytes. Yet, only one clinical bioreactor tissue engineering prod-
uct is using autologous chondrocytes for knee joint cartilage repair, which have 
been mechanically stimulated within a bioreactor in beforehand, is currently in use 
[ 69 ]. Chondrocytes are expanded and seeded into a bovine type I collagen 
3- dimensional honey- comb matrix. The seeded scaffold is then processed in a bio-
reactor in which culture conditions, including hydrostatic pressure, seeks to induce 
the chondrocytes to synthesize cartilage glycoproteins. On line, quality control is 
becoming a novel issue in cartilage repair. In particular tissue construct mechanical 
properties may be one signifi cant part to support tissue quality and consecutive  in 
vivo  resilience. Notably, the Food and Drug Administration (FDA) requested 
mechanical data for all articular cartilage repair products in their guidance for 
“Repair or Replace Knee Cartilage”, which additionally emphasizes the importance 
of mechanical characterization of cartilage constructs. 

 Related to the fact that the realization of ACI still requires two full operations 
and is adjunctive with a potential harmful donor-site morbidity [ 70 ], alternative 
cell sources are being robustly investigated [ 71 ,  72 ]. Almqvist and colleagues 
have shown satisfying midterm results when applying allogenic chondrocytes for 
knee cartilage defect repair among 21 subjects [ 73 ]. However, allogenic material 
may be ethical challenging, has potential disease transmission and immunological 
rejection risks and moreover might not be accessible in every country. 
Mesenchymal stem cells are capable of differentiating into different tissues such 
as bone and cartilage. Complex differentiation processes are actually required 
when aiming for true and foremost lasting chondrogenic differentiation [ 74 ]. 
Though, clinical studies have shown a similar outcome when comparing the 
effects of autologous chondrocyte transplantation versus autologous stem cell 
transplantation for the treatment of knee cartilage defects [ 75 ]. However, chon-
drogenic differentiation of stem cells is a diffi cult task, while current methods 
tend to induce an inadequate, hypertrophic differentiation cascade reminiscent of 
endochondral bone formation [ 76 ]. While MSCs have been found in numerous 
tissues, the detection of a progenitor like cell within cartilage itself which does 
not appear to be hypertrophic [ 77 ] may lead to new potential therapies. Effective 
bioreactor tissue engineering, potentially combining mechanical with physical 
stimuli, may be very attractive for future cartilage repair procedures when using 
mesenchymal stem cells [ 56 ]. 

 Although progress has been achieved, there are still some signifi cant hurdles to 
overcome before preconditioned tissue engineered cartilage repair can become a 
clinical reality. Not only do the optimal culture conditions need to be found, but they 
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need to be implemented into systems which are good manufacturing process (GMP) 
compliant. This requires that each culture vessel is independent and there is no 
potential for cross contamination between patients. The tracking and record keeping 
required for GMP also increases costs, meaning that the treatment must be demon-
strably an improvement on current treatments. Also the logistics of the system need 
to be considered. If a central manufacturing plant is established then reliable trans-
portation to and from the hospital may be required and this might involve shipment 
of live human products across international borders. Otherwise the facilities need to 
be on-site and economies of scale need to be considered. In either case, suitable 
quality control and tracking is required. 

 Once overcome, the economic advantages of a reliable treatment for articular 
defects are vast. In the future, cartilage defects may be treated by use of bioreactor 
preconditioned  de novo  cell-scaffold constructs, which are able to still integrate, 
provide with high quality repair tissue and severely reduce the time required for 
patient rehabilitation. When effi cient, the high initial tissue engineering cost may be 
offset by highly effective osteoarthritis prevention which is all for the benefi t of the 
patient.     
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