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1 Summary 

1.1 Summary 

Articular cartilage defects are still one of the major challenges in orthopedic and trauma sur-

gery. Today, autologous chondrocyte transplantation (ACT), as a cell-based therapy, is an 

established procedure to treat focal articular cartilage defects. However, one major limitation 

of this technique is the dedifferentiation of chondrocytes during expansion accompanied by a 

loss of the chondrogenic phenotype. Human mesenchymal stem cells (hMSCs) have an ex-

tensive proliferation potential and the capacity to differentiate into chondrocytes when main-

tained in a three-dimensional culture and treated with members of the transforming growth 

factor-β (TGF-β) family. They are therefore considered as candidate cells for tissue engineer-

ing approaches of functional cartilage tissue substitutes. 

First in this study, hMSCs were embedded in a collagen type I hydrogel, which is already in 

clinical use for matrix-based ACT, to evaluate the cartilaginous construct in vitro. HMSC col-

lagen hydrogels cultivated in different culture media showed a marked contraction, most pro-

nounced in chondrogenic differentiation medium supplemented with TGF-β1. After 14 days, 

the diameter of the constructs decreased to approximately 30%, independently from the ini-

tial cell seeding density. However, thereafter almost no contraction was observed. Regarding 

chondrogenic differentiation, the results demonstrate that hMSCs were able to undergo 

chondrogenesis when embedded in the collagen type I hydrogel and stimulated with chon-

drogenic factors (dexamethasone and TGF-β1), as evaluated by the temporal induction of 

cartilage-specific gene expression, such as aggrecan and collagen types II and IX. Further-

more, the cells showed a chondrocyte-like appearance and were homogeneously distributed 

within a proteoglycan- and collagen type II-rich extracellular matrix, except a small area in 

the center of the constructs. A high level of collagen type X gene expression indicated a ten-

dency to hypertrophy. Additionally, various osteogenic marker genes were expressed. The 

results suggest that further studies have to focus on the establishment of differentiation con-

ditions which promote the development of a stable cartilage phenotype. In this study, chon-

drogenic differentiation could not be realized with every hMSC preparation. With the improve-

ment of the culture conditions, e.g. the use of a different FBS lot in the gel fabrication 

process, a higher amount of cartilage-specific matrix deposition could be achieved. Never-

theless, the large variations in the differentiation capacity display the high donor-to-donor 

variability influencing the development of a cartilaginous construct. Taken together, the re-

sults demonstrate that the collagen type I hydrogel is a suitable carrier matrix for hMSC-

based cartilage regeneration therapies which present a promising future alternative to ACT. 

Second, to further improve the quality of tissue-engineered cartilaginous constructs, mechan-

ical stimulation in specific bioreactor systems are often employed. In this study, the effects of 
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mechanical loading on hMSC differentiation have been examined. HMSC collagen hydrogels 

were cultured in a defined chondrogenic differentiation medium without TGF-β1 and sub-

jected to a combined mechanical stimulation protocol, consisting of perfusion and cyclic uni-

axial compression. In the loading experiments, constructs were exposed to sinusoidal load-

ing with a maximum stimulation force of 4.2 kPa at a frequency of 0.002 Hz for 8 hours per 

day. Experiments were conducted for 11 consecutive days. Bioreactor cultivation neither af-

fected overall cell viability nor the cell number in collagen hydrogels. Compared with non-

loaded controls, mechanical loading promoted the gene expression of COMP and biglycan 

and induced an up-regulation of matrix metalloproteinase 3, suggesting a high matrix turno-

ver. These results circumstantiate that hMSCs are sensitive to mechanical forces, but their 

differentiation to chondrocytes could not be induced. Further studies are needed to identify 

the specific metabolic pathways which are altered by mechanical stimulation. 

Third, for the development of new cell-based therapies for articular cartilage repair, a reliable 

cell monitoring technique is required to track the cells in vivo non-invasively and repeatedly. 

This study aimed at analyzing systematically the performance and biological impact of a sim-

ple and efficient labeling protocol for hMSCs. Commercially available very small superpara-

magnetic iron oxide particles (VSOPs) were used as magnetic resonance (MR) contrast 

agent. Iron uptake via endocytosis was confirmed histologically with prussian blue staining 

and quantified by mass spectrometry. Compared with unlabeled cells, VSOP-labeling did 

neither influence significantly the viability nor the proliferation potential of hMSCs. Further-

more, iron incorporation did not affect hMSCs in undergoing adipogenic, osteogenic or chon-

drogenic differentiation, as demonstrated histologically and by gene expression analyses. 

The efficiency of the labeling protocol was assessed with high resolution MR imaging at 

11.7 Tesla. VSOP-labeled hMSCs were visualized in a collagen type I hydrogel indicated by 

distinct hypointense spots in the MR images, resulting from an iron specific loss of signal in-

tensity. Furthermore it was demonstrated, that magnetically labeled hMSCs can be detected 

over 10 weeks in vitro, confirmed by prussian blue staining. With the applied MR parameters 

cell numbers as low as 5 x 103 hMSCs/ml gel could be readily imaged. In summary, this labe-

ling technique has great potential to visualize hMSCs and track their migration after trans-

plantation for articular cartilage repair with MR imaging. 

1.2 Zusammenfassung 

Gelenkknorpeldefekte stellen immer noch eine der großen Herausforderungen in der Ortho-

pädie und Unfallchirurgie dar. Als zellbasiertes Verfahren ist die Autologe Chondrozyten-

transplantation (ACT) heute in der klinischen Routine etabliert und wird zur Behandlung von 

fokalen Defekten unter anderem am Kniegelenkknorpel eingesetzt. Ein großer Nachteil die-

ser Methode ist jedoch die Dedifferenzierung der Knorpelzellen und der damit verbundene 
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Verlust des chondrozytären Phänotyps während der Expansion der Zellen. Humane mesen-

chymale Stammzellen (hMSZ) verfügen über ein ausgeprägtes Proliferationspotential und 

besitzen die Fähigkeit, in dreidimensionalen Kultursystemen und unter dem Einfluss von 

Wachstumsfaktoren der TGFβ-Familie zu Knorpelzellen zu differenzieren. Sie werden daher 

als alternative Zellen für das Tissue Engineering von funktionellem Knorpelersatzgewebe in 

Betracht gezogen. 

In der vorliegenden Arbeit wurden erstens hMSZ in ein Kollagen Typ I Hydrogel eingebracht, 

welches sich bereits im klinischen Einsatz für die matrixgekoppelte ACT befindet, und zu-

nächst der Grad der chondrogenen Zelldifferenzierung im Konstrukt evaluiert. HMSZ-Kolla-

genhydrogele zeigten in allen Kultivierungsmedien eine deutliche Kontraktion, welche am 

stärksten im chondrogenen Differenzierungsmedium unter Zugabe von TGF-β1 ausgeprägt 

war. Nach 14tägiger Kultivierung nahm der Durchmesser der Konstrukte, unabhängig von 

der eingebrachten Anfangszellzahl, auf ca. 30% des Ausgangsdurchmessers ab. Nach die-

sem Zeitraum war jedoch keine weitere Kontraktion zu beobachten. Im Hinblick auf die chon-

drogene Differenzierung zeigen die Ergebnisse, dass hMSZ nach Einbringen in Kollagen 

Typ I Hydrogele und Stimulation mit chondrogenen Faktoren (Dexamethason und TGF-β1) 

zu Knorpelzellen differenzierten, nachgewiesen durch die Induktion von knorpelspezifischer 

Genexpression, wie z.B. Aggrekan und Kollagen Typ II und IX. Die Zellen wiesen eine Chon-

drozyten-ähnliche Morphologie auf und waren bis auf einen kleinen Bereich in der Mitte des 

Konstrukts homogen in einer Proteoglykan- und Kollagen Typ II-haltigen extrazellulären Mat-

rix verteilt. Eine starke Kollagen Typ X Genexpression wies auf eine mögliche Hypertrophie 

der Zellen hin. Außerdem wurden zahlreiche osteogene Markergene exprimiert. Diese Er-

gebnisse machen deutlich, dass in zukünftigen Studien Differenzierungsbedingungen etab-

liert werden müssen, welche die Ausbildung eines stabilen chondrozytären Phänotyps er-

möglichen. Eine chondrogene Differenzierung konnte in der vorliegenden Arbeit jedoch nicht 

mit jeder hMSZ-Präparation realisiert werden. Durch die Verbesserung der Kulturbedingun-

gen, z.B. durch die Verwendung einer anderen Serumcharge im Gelherstellungsprozess, 

konnte eine Steigerung der knorpelspezifischen Matrixsynthese erzielt werden. Nichtsdesto-

trotz spiegeln die großen Schwankungen in der Differenzierungskapazität die hohe Variabili-

tät zwischen verschiedenen Spendern wider, welche die Entwicklung eines knorpelartigen 

Gewebes beeinflussen. Zusammengefasst zeigen die Ergebnisse, dass das Kollagen Typ I 

Hydrogel eine geeignete Trägermatrix für hMSZ darstellt, um in Stammzell-basierten Knor-

pelregenerationstherapien zukünftig als vielversprechende Alternative zur ACT eingesetzt zu 

werden. 

Um die Qualität eines in vitro generierten knorpelartigen Gewebes weiter zu verbessern, wird 

häufig eine mechanische Stimulation in spezifischen Bioreaktorsystemen durchgeführt. In 

der vorliegenden Arbeit wurden daher zweitens die Effekte von mechanischer Belastung auf 
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die Differenzierung von hMSZ untersucht. HMSZ-Kollagenhydrogele wurden im chondroge-

nen Differenzierungsmedium ohne TGF-β1 kultiviert und einem kombinierten mechanischen 

Stimulationsprotokoll, bestehend aus Perfusion und zyklischer uniaxialer Kompression, aus-

gesetzt. In den Stimulationsversuchen wurde eine sinusförmige Beanspruchung mit einer 

maximalen Kraft von 4,2 kPa bei einer Frequenz von 0,002 Hz für 8 Stunden pro Tag appli-

ziert. Dieses Protokoll wurde an 11 aufeinanderfolgenden Tagen ausgeführt. Die Kultivierung 

im Bioreaktor hatte weder einen Einfluss auf die Zellvitalität noch auf die Anzahl der Zellen 

im Kollagen Typ I Hydrogel. Die mechanische Beeinflussung steigerte im Vergleich mit den 

unbelasteten Kontrollgelen die Genexpression von COMP und Biglykan und führte zu einer 

Hochregulation von Matrix Metalloproteinase 3. Diese Ergebnisse belegen, dass hMSZ me-

chanosensitiv sind, jedoch konnte keine Differenzierung zu Knorpelzellen induziert werden. 

Hierfür sind weitere Studien notwendig, um spezifische Stoffwechselwege zu identifizieren, 

welche durch die mechanische Stimulation beeinflusst werden. 

Drittens, für die Entwicklung von neuen zellbasierten Therapien für die Gelenkknorpelrekon-

struktion ist eine zuverlässige Bildgebung auf zellulärer Ebene erforderlich, um die Zellen in 

vivo wiederholt nicht invasiv zu detektieren. Die vorliegende Arbeit hatte zum Ziel, systema-

tisch die Effizienz und die biologischen Auswirkungen einer einfachen und dauerhaften Mar-

kierung für hMSZ zu untersuchen. Superparamagnetische Eisenoxidnanopartikel (VSOPs), 

ein kommerziell erhältliches Magnetresonanz (MR)-Kontrastmittel, wurden für die Markierung 

eingesetzt. Die Aufnahme der Eisenoxidnanopartikel durch Endozytose wurde histologisch 

mittels eisenspezifischer Berliner-Blau-Färbung nachgewiesen und durch Massenspektros-

kopie quantifiziert. Im Vergleich zu unmarkierten Zellen beeinträchtigte die VSOP-Markierung 

weder die Vitalität noch das Proliferationspotential der hMSZ. Weiterhin war durch die Auf-

nahme der Eisenoxidnanopartikel keine Beeinflussung der adipogenen, osteogenen oder 

chondrogenen Differenzierung der hMSZ zu verzeichnen, was durch histologische und Gen-

expressionsanalysen demonstriert werden konnte. Die Effizienz der Zellmarkierung wurde 

mittels hochauflösender MR-Bildgebung bei 11,7 Tesla beurteilt. VSOP-markierte hMSZ im 

Kollagen Typ I Hydrogel erschienen als hypointense Punkte in den MR-Bildern, hervorgeru-

fen durch die typische, VSOP-bedingte Signalauslöschung. Außerdem wurden die markier-

ten Zellen in vitro wiederholt über einen Zeitraum von 10 Wochen mittels MR-Bildgebung 

detektiert. Histologische Untersuchungen dieser Konstrukte bestätigten die MR-Ergebnisse. 

Weiterhin wurden auch geringe Zellkonzentrationen bis zu 5 x 103 hMSZ/ml Gel in den MR-

Bildern visualisiert. Zusammenfassend lässt sich festhalten, dass diese Zellmarkierungsme-

thode in Verbindung mit der MR-Bildgebung über das Potential verfügt, nach einer Gelenk-

knorpelrekonstruktion Aufschluss über die Lokalisation und Migration der transplantierten 

hMSZ zu liefern. 
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2 Introduction 

2.1 Structure and composition of articular cartilage 

Articular cartilage is a hyaline cartilage covering the subchondral bone in diarthrodial joints. 

Its main function is providing a high load-bearing capacity and a high compressive stiffness 

to withstand the high stresses and strains developed during joint use. Its smooth surface to-

gether with the synovial fluid minimizes the friction between the gliding surfaces. Articular 

cartilage has a highly organized structure with a biphasic nature, consisting of fluid and a 

solid extracellular matrix (ECM) rich in collagens and proteoglycans [Cohen et al., 1998]. 

Tissue fluid is an essential part of hyaline cartilage, containing in addition to water metabo-

lites and a large amount of electrolytes. The predominant collagen type found in the tissue, 

accounting for approximately 90%, is collagen type II, while the collagen types VI, IX, X, and 

XI represent a minor fraction. The other dominant components of the tissue are highly nega-

tively charged proteoglycans, which include several proteins containing covalently bound 

glycosaminoglycan side chains. The major proteoglycan is aggrecan, which binds via link 

proteins to hyaluronan chains to form a large proteoglycan aggregate. Quantitatively minor 

components of articular cartilage are link protein, smaller proteoglycans, e.g. biglycan, deco-

rin, and fibromodulin, and cartilage oligomeric matrix protein (COMP) [Kuettner et al., 1992]. 

The high fixed charge density of the proteoglycan matrix maintains hydration and provides a 

high swelling pressure, which is counteracted by the stiff collagen network, giving the unique 

mechanical properties to the hyaline articular cartilage: tensile strength, provided by the col-

lagen network, and compressive stiffness, provided by the proteoglycans. Articular cartilage 

has a very low cell volume density with an average value of 1.65% of the whole tissue vo-

lume [Hunziker et al., 2002]. The chondrocytes are surrounded by a narrow pericellular ma-

trix with very little collagen but abundant proteoglycans. Mostly a few cells are together ar-

ranged in a territorial region, also called chondrons, surrounded by a web of thin collagen 

fibrils. The cells embedded in their ECM are isolated from the vasculature and thus their nu-

trient supply, provided by the synovial fluid, occurs by a combination of diffusion and hydrau-

lic transport during joint compression [O’Hara et al., 1990]. Chondrocytes are metabolically 

active and responsible for the maintenance of the ECM, displaying a relatively slow state of 

matrix turnover. They are susceptible to mechanical stress and can respond with an altered 

rate of protein synthesis. Differentiated chondrocytes in adults are limited in their capability to 

divide and proliferate [Kuettner et al., 1992]. 

The structure and composition of articular cartilage tissue vary throughout its depth. From the 

articular surface to the subchondral bone, four different zones can be distinguished (Fig. 1) 

[Poole et al., 2001]. In the superficial zone, a fibrillar collagen network dominates, with thin 

collagen fibrils and flattened chondrocytes aligned parallel to the surface. The content of pro-
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teoglycan is lowest and the water content highest in this zone. Below the superficial zone is 

the middle or transitional zone with chondrocytes having a more rounded appearance. The 

ECM is rich in proteoglycans, and the orientation of the larger collagen fibrils is less orga-

nized. In the deep zone, the cell density, and the collagen and water content are lowest. The 

large collagen bundles are arranged perpendicular to the articular surface. Spherical chon-

drocytes are often arranged in a columnar fashion. The proteoglycan content is maximal in 

this zone. The uncalcified cartilage is delineated by the tidemark from the zone of calcified 

cartilage, which merges into the subchondral bone. The chondrocytes in this calcified zone 

usually express the hypertrophic phenotype with the secretion of collagen type X, but unlike 

in endochondral bone formation this calcified matrix is not fully resorbed and resists vascular 

invasion. 

 
Fig. 1 Schematic representation of structure and composition of articular cartilage showing 

zonal and regional organization. The insets show the relative diameters and arrangement of 

collagen fibrils in the different zones (from Poole et al., 2001). 
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2.2 Articular cartilage damage and repair 

The complex structure of articular cartilage can be damaged by even minor injuries, caused 

by trauma or degenerative joint diseases such as osteoarthritis (OA). It is well known that the 

intrinsic capacity for cartilage repair is limited [Buckwalter and Mankin, 1998]. Partial-thick-

ness defects confined to the cartilage layer fail to heal spontaneously. This failure is possibly 

attributed to the avascularity and the low cellularity of the tissue, the immobility of chondro-

cytes, and the limited ability of mature chondrocytes to proliferate and alter their synthetic 

pattern [Newman, 1998]. However, full-thickness defects penetrating into subchondral bone 

show a limited spontaneous repair, involving blood clot formation and recruitment of cells and 

growth factors from the bone marrow. The less durable repair tissue typically has a composi-

tion and structure intermediate between hyaline cartilage and fibrocartilage [Hunziker, 2001]. 

For both kinds of defects, the natural repair does not lead to a fully functional hyaline carti-

lage and extensive degenerative changes of the fibrocartilaginous repair tissue occur within 

one year or less, indicated by depletion of matrix proteoglycans, fragmentation and fibrilla-

tion, increasing collagen content, and loss of cells [Shapiro et al., 1993; Buckwalter, 2002]. 

Moreover, a progression to severe forms of osteoarthritis is often observed [Buckwalter and 

Mankin, 1998]. 

With a progressively aging population, the repair of articular cartilage defects is therefore still 

one of the major challenges in orthopedic and trauma surgery. A number of treatment strate-

gies are in clinical use, e.g. lavage and debridement, microfracture technique, transplantation 

of periosteal and perichondrial grafts, and transplantation of osteochondral autografts 

[Nehrer and Minas, 2000; Hunziker, 2001; Redman et al., 2005]. In recent years, a variety of 

tissue engineering approaches are thought to improve the repair by the generation of a func-

tional cartilage tissue substitute [Temenoff and Mikos, 2000]. Tissue engineering is a multi-

disciplinary research area that incorporates both biological and engineering principles by the 

use of cells, biomaterial scaffolds and biochemical and physical regulatory factors for the 

purpose to generate new, living tissue as a replacement for the damaged tissue [Langer, 

2000]. One of the first cell-based therapies employed in modern orthopedic surgery is the 

autologous chondrocyte transplantation (ACT), which is in clinical use for more than 10 years 

now [Brittberg et al., 1994; Peterson et al., 2000; Minas, 2001; Browne et al., 2005]. Further 

improvement of this technique resulted in the transplantation of autologous chondrocytes in 

the presence of biocompatible and biodegradable matrix scaffolds [Erggelet et al., 2003; Bar-

tlett et al., 2005; Marcacci et al., 2005; Nehrer et al., 2006; Andereya et al., 2007]. However, 

a major limitation of this approach is the small number of chondrocytes available from the 

harvest site which makes an expansion in monolayer culture necessary, resulting in cell de-

differentiation and loss of the chondrogenic phenotype. To overcome this limitation, alterna-

tive cell sources have been extensively investigated. 
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2.3 Mesenchymal stem cells 

2.3.1 Definition of mesenchymal stem cells 

Mesenchymal stem cells (MSCs) are thought to be multipotent stem cells in an adult organ-

ism which can self-renew in an undifferentiated state as well as differentiate into specialized 

cell types (Fig. 2A) [Caplan, 1991]. They have received considerable attention in the field of 

tissue engineering because of their ability to differentiate into various tissues of mesen-

chymal origin (e.g. bone, cartilage, fat, muscle, marrow stroma, tendon, ligament, and other 

connective tissues) [Caplan, 1991; Pittenger et al., 1999]. MSCs can be easily isolated from 

bone marrow and various other tissues using different protocols and expanded in vitro to 

obtain sufficient numbers of cells for tissue engineering [De Ugarte et al., 2003; Tuli et al., 

2003]. However, several studies indicated that the isolated cell populations represent a hete-

rogeneous mixture of true multipotent stem cells and committed progenitor cells, each with 

restricted lineage-specific differentiation potential (Fig. 2B) [Muraglia et al., 2000; Bianco et 

al., 2001; Baksh et al., 2004]. 

 

Fig. 2 Models of MSC differentiation. (A) In this theoretical model, MSCs in the bone marrow 

constitute a primitive stem cell population (multipotent MSCs), having the potential for self-renewal and 

proliferation as well as the capacity to differentiate into all connective tissue cell types, when exposed 

to a defined environment. (B) An alternative model illustrating MSCs in vivo as a population of cells 

with different differentiation potentials (i.e., quadra-, tri-, bi- and uni-potential). During in vitro culture, 

this heterogeneous mixture of stem and committed progenitor cells is limited in his multilineage diffe-

rentiation potential, depending on the initial state of differentiation of the isolated cell population (from 

Baksh et al., 2004). 

Numerous attempts have been undertaken to characterize the true multipotent stem cell, 

evaluating cell surface marker or gene expression profiles [Silva et al., 2003; Baksh et al., 

2004; Song et al., 2006]. MSCs show a homogeneous expression of a broad set of cell-

surface antigens, e.g. CD29, CD44, CD73, CD90, CD105, and Stro-1, while remaining nega-

tive for CD14, CD34, CD45, and other hematopoietic markers [Barry et al., 1999; Pittenger et 
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al., 1999; Barry and Murphy, 2004; Simmons and Torok-Storb, 1991]. However, all of these 

markers are also present on a variety of other cell types in the bone marrow, e.g. fibroblasts, 

endothelial cells, and therefore not sufficient to define MSCs. At present there exists no 

clear-cut definition of MSCs with e.g. an exclusively expressed surface marker, so that their 

characterization relies essentially on their functional properties [Tuan et al., 2003]. 

2.3.2 Chondrogenesis 

Because of their ability to differentiate and form cartilage-like tissue under appropriate condi-

tions MSCs are thought to replace chondrocytes in future clinical cell therapies [Johnstone 

and Yoo, 1999; Tuan et al., 2003]. Chondrogenesis of MSCs is usually induced upon culture 

conditions theoretically recapitulating articular cartilage formation during embryonic growth 

plate development [Caplan et al., 1997]. 

The process of cartilage development as a part of endochondral ossification begins with the 

condensation of mesenchymal progenitor cells, a requisite step in the chondrogenic pathway 

[DeLise et al., 2000; Kronenberg, 2003]. Prior to condensation, the undifferentiated MSCs 

produce an ECM rich in hyaluronan and collagen type I. As chondrogenesis proceeds, cells 

in the center of the condensations differentiate into chondroblasts and induce a change in the 

ECM composition by secreting cartilage-specific aggrecan, and collagen types II, IX, and XI 

[Sandell et al., 1994]. The chondrocytes encased in this ECM now acquire their characteristic 

round cell shape. The initial core cartilage enlarges through chondrocyte proliferation and 

matrix production and then proceeds through stages of maturation and hypertrophy accom-

panied by the expression of collagen type X. Hypertrophic chondrocytes direct the minerali-

zation of their surrounding matrix, attract vascular and bone cell invasion, and then undergo 

apoptotic cell death [Kirsch et al., 1997]. In this so called primary center of ossification the 

termination of endochondral bone formation takes places by the replacement of the cartilage 

matrix by bone. At the top of the growth plate within the chondroepiphysis a secondary cen-

ter forms, separating growth plate cartilage and articular cartilage. These two types of carti-

lage have to be distinguished, transient cartilage found in the growth plate and permanent, 

hyaline cartilage found on the articular joint surface. The exact mechanisms of articular carti-

lage development are still poorly understood; probably cells from an interzone, located bet-

ween two skeletal anlagen, may be responsible for the formation of joint tissues and struc-

tures including articular cartilage [Archer et al., 2003; Pacifici et al., 2005]. As articular carti-

lage matures under the influence of functional loading, the morphological, biochemical, and 

mechanical characteristics of the tissue are established. The zonal variations of articular car-

tilage result from the developmental history and local mechanical environment [Carter et al., 

2004]. Whereas articular chondrocytes derived from joint cartilage retain a stable and perma-

nent phenotype with the main task of maintaining cartilage matrix and joint function, transient 
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chondrocytes from the growth plate display a very dynamic phenotype undergoing prolifera-

tion, maturation, hypertrophy and eventually apoptosis followed by the replacement by bone 

cells. It has to be pointed out that current differentiation protocols mimic cartilage formation in 

the growth plate leading to the described transient chondrocyte phenotype. 

The process of chondrogenesis in vivo is directed by a highly regulated consortium of growth 

factors and signaling molecules in addition to cell–cell, cell–matrix, and biomechanical fac-

tors [DeLise et al., 2000]. While it is not possible to include all of the known regulators of 

MSC differentiation in an in vitro culture system, current tissue engineering approaches in-

corporate selected elements of normal development to promote chondrogenesis. Such key 

factors are a high cell density and a round cell shape [Daniels and Solursh, 1991; Tacchetti 

et al., 1992]. This can be achieved by the use of micromass or pellet cultures, providing 

three-dimensional, closely packed cellular aggregates allowing cell-cell interactions analog-

ous to those occur in pre-cartilage condensation [Johnstone et al., 1998; Mackay et al., 

1998]. Additionally, growth factors, cytokines, and certain supplements, e.g. members of the 

TGF-β superfamily and dexamethasone, and mechanical forces have a profound influence 

on MSC differentiation [Hickok et al., 1998; Yoo et al., 1998; Carter et al., 1998]. MSCs un-

dergoing in vitro chondrogenic differentiation also mature to the hypertrophic phenotype, pre-

sented by the expression of collagen type X, similar to the events in endochondral bone for-

mation. But in contrast to the in vivo findings, in vitro no matrix mineralization occurs. 

Translating the micro-scale cartilage formation by MSCs in vitro, i.e. micromass or pellet cul-

ture, to larger-scale cartilage tissue engineering is a current challenge of musculoskeletal 

regenerative medicine. First clinical case reports of implanted human MSCs into osteochon-

dral defects have shown cartilage-like tissue formation to a certain extent [Wakitani et al., 

2002; Adachi et al., 2005]. 

2.4 Scaffolds for cartilage tissue engineering 

Modern cell-based therapies for articular cartilage repair combine cells with a biomaterial to 

deliver and retain cells at the site of injury. Such biomaterials must be biocompatible and 

should promote cellular differentiation and maturation. They must moreover have adequate 

structural and mechanical integrity to withstand the mechanical forces typically experienced 

at the joint surface until replacement by the repair tissue occurs. Both natural and synthetic 

scaffolds are employed, fabricated in a variety of forms, including fibrous and nanofibrous 

structures, porous sponges, woven or non-woven meshes, and hydrogels [Kuo et al., 2006]. 

Solid biodegradable scaffolds are used to achieve a high initial mechanical stability. Major 

classes of biodegradable scaffolds include synthetic polymers like polylactic acid (PLA), po-

lyglycolic acid (PGA), and their copolymer PLGA, and natural polymers like collagen, hyalu-

ronan, and silk [Frenkel and Di Cesare, 2004]. Several of these materials have been investi-
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gated concerning their potential to facilitate chondrogenic differentiation of MSCs [Angele et 

al., 1999; Martin et al., 2001; Meinel et al., 2004; Li et al., 2005]. Especially fibrous collagen 

type I scaffolds have been extensively employed as carrier matrices for chondrocytes and 

MSCs, often displaying a non-uniform distribution of cells throughout the matrix [Ben-Yishay 

et al., 1995; Nehrer et al., 1998; Ponticiello et al., 2000; Pieper et al., 2002; Farrell et al., 

2006]. 

Hydrogels are another class of biomaterials, which can be made from natural polymers like 

collagen, hyaluronan, fibrin, agarose, alginate, or synthetic polymers like poly(ethylene gly-

col) or polypeptides [Lee and Mooney, 2001]. They are attractive for articular cartilage engi-

neering because of their ability to absorb and release large amounts of water which allows 

nutrient and waste transport [Wallace and Rosenblatt, 2003; Park et al., 2007]. Furthermore, 

cells encapsulated within these matrices are uniformly distributed and exposed to a three-

dimensional surrounding, which keeps them in a spherical morphology and allows cell-cell 

and cell-matrix interactions, important factors to induce or maintain a chondrogenic pheno-

type [Daniels and Solursh, 1991]. In particular, collagen type I is the most abundant protein in 

skeletal tissues and therefore exhibits excellent cell and tissue compatibility [Lee et al., 

2001]. It can be readily extracted from animal tissues such as rat tail tendon or bovine calf 

skin and be dissolved in dilute acid. The collagen type I solution forms a hydrogel upon rais-

ing temperature and pH to physiological conditions. Chondrocytes embedded in collagen 

hydrogels gradually proliferated and maintained their chondrogenic phenotype [Uchio et al., 

2000; Iwasa et al., 2003]. Furthermore, compared to fibrous collagen matrices, collagen hy-

drogels permitted a homogenous cell distribution and a higher collagen type II gene expres-

sion of human chondrocytes [Gavenis et al., 2006]. Based on these reports, collagen hydro-

gels are used clinically as carriers for chondrocytes to repair cartilage defects [Ochi et al., 

2002; Nöth et al., 2006; Andereya et al., 2007]. Using hMSCs as an alternative cell source 

for future cell-based therapies, several in vitro studies have already demonstrated the chon-

drogenic differentiation of hMSCs in collagen hydrogels [Yokoyama et al., 2005; Yoneno et 

al., 2005; Nöth et al., 2007]. However, the implantation of uncommitted MSCs embedded in 

hydrogels in different animal models improved the early healing response, but demonstrated 

significant long-term limitations, including thinning and fibrillation of the repair tissue by 6 to 8 

months post-implantation [Wakitani et al., 1994; Wilke et al., 2007]. Unlike these reports, Ya-

mazoe et al. [2007] observed no cartilage repair at all but a remarkable regeneration of the 

subchondral bone by the implanted MSCs. These studies indicate that the in vivo environ-

ment is not sufficient to promote chondrogenesis. 
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2.5 Bioreactor cultivation for cartilaginous tissue growth 

To enhance the growth and quality of tissue-engineered cartilaginous constructs, bioreactor 

systems have been developed providing conditions to fabricate more functional tissue struc-

tures [Darling and Athanasiou, 2003]. Bioreactors are designed to optimize nutrient and gas 

supply to the cells in 3D matrices, especially if cells are to be maintained within larger con-

structs and at high density. External mass-transfer limitations can be reduced by the use of 

hydrodynamic bioreactors such as stirred spinner flasks or rotating wall vessels, where con-

struct tumbling ensures efficient nutrient transport, or with direct perfusion bioreactors in 

which medium flows directly through the pores of the scaffold [Martin et al., 2004]. The flow 

conditions in bioreactors, both rotational and perfusion create mechanical and hydrodynamic 

forces that provide stimulation to the cells and influence cellular activity and phenotype with 

improvement of matrix composition and compressive properties of engineered cartilage tis-

sues [Vunjak-Novakovic et al., 1999; Pazzano et al., 2000]. However, the effects of direct 

perfusion, rate of mass transfer and the level of shear stress to which the cells are exposed, 

are highly dependent on the medium flow-rate and the maturation stage of the constructs, as 

recently demonstrated for 3D cultures of chondrocytes [Davisson et al., 2002]. 

In vivo, articular cartilage is subject to several physical forces such as compression, fluid 

flow, and hydrostatic pressure, which modulate cellular proliferation, matrix metabolism, and 

matrix content in order to maintain the healthy status. Static compression, which causes con-

stant tissue deformation at steady state, has been shown to inhibit matrix synthesis in articu-

lar cartilage explants [Sah et al., 1989; Guilak et al., 1994; Kim et al., 1996]. In contrast, the 

effects of dynamic compressive loading on metabolic activity show large variations [Sah et 

al., 1989; Steinmeyer and Knue, 1997; Wong et al., 1999]. Some studies have demonstrated 

an increase in biosynthetic activity, primarily proteoglycan synthesis [Parkkinen et al., 1992; 

Kim et al., 1994], while others have documented an inhibitory effect of dynamic loading with 

denaturation of collagen and cartilage degradation [Steinmeyer and Knue, 1997; Thibault et 

al., 2002]. These results reveal the complex response of the tissue to dynamic loading, de-

pendent on many factors such as frequency and amplitude of compression [Sah et al., 1989]. 

It is generally assumed that the amount of intra-tissue fluid flow and matrix consolidation, 

which results from a specific loading protocol, is a key determinant of the biosynthetic re-

sponse. The application of dynamic compressive loading in a moderate physiological range 

has been demonstrated to enhance cartilage-specific matrix synthesis in articular cartilage 

plugs ex vivo. Consistent with these findings there is evidence that mechanical stress as an 

important modulator of cell physiology may be used to improve or accelerate tissue regene-

ration and repair in vitro [Guilak et al., 2001]. Several tissue engineering studies have been 

well demonstrated that chondrocytes in a three-dimensional hydrogel respond to mechanical 

loading by increasing matrix synthesis and improving functional mechanical properties 
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[Buschmann et al., 1995; Lee and Bader, 1997; Chowdhury et al., 2003; Hung et al., 2004; 

Kisiday et al., 2004]. The applied loading regimes varied dramatically in strain amplitude (3-

20%), frequency (0.01-3.0 Hz), and stimulation (1-10 hours per day) and overall cultivation 

time (2-39 days). The results of these studies suggest that the amplitude, frequency, seeding 

density, and duration of loading influence the outcome [Chowdhury et al., 2003; Hung et al., 

2004; Kisiday et al., 2004]. In general, moderate magnitude loads applied at higher frequen-

cies (0.3-1.0 Hz) showed a positive stimulus on chondrogenesis [Buschmann et al., 1995; 

Lee and Bader, 1997]. 

In addition to deformation, compressive loading results in fluid pressurization with increasing 

hydrostatic pressure arising from the small pore size and the high water content of the articu-

lar cartilage tissue [Kuo et al., 2006]. Chondrocytes respond to hydrostatic pressure with in-

creasing production of ECM [Hall et al., 1991; Carver and Heath, 1999; Mizuno et al., 2002]. 

Based on important in vivo observations on the regeneration of full-thickness articular carti-

lage defects recent studies now investigated the influence of mechanical loading on mesen-

chymal stem cells. In highly loaded joint areas the cyclic hydrostatic compressive stress 

created during movement causes differentiation down the chondrogenic pathway, producing 

new cartilage [Carter et al., 1998; Tagil and Aspenberg, 1999]. In vitro, a few studies demon-

strated an acceleration of chondrogenesis upon dynamic mechanical loading in MSC-seeded 

constructs in the presence of TGF-β [Angele et al., 2004; Huang et al., 2004a]. Furthermore, 

previous studies provided evidence that specific mechanical forces (hydrostatic pressure or 

compressive loading) applied to MSC-seeded constructs might not only enhance the devel-

opment of an engineered tissue but also direct the differentiation of multipotent cells along 

the chondrogenic lineage [Miyanishi et al., 2006; Mauck et al., 2007; Terraciano et al., 2007]. 

Because of the complexity of physical forces applied by simple compression, the exact physi-

cal stimulus responsible for the stimulation is difficult to discriminate and has not been clearly 

identified. However, the stimulatory signals that modulate cellular response may include cell 

deformation, fluid shear, increased interstitial pressure and physicochemical changes includ-

ing altered matrix water content, fixed charge density, mobile ion concentrations, and os-

motic pressure. Any of these mechanical, chemical, or electrical signals may modulate matrix 

metabolism [Mow et al., 1999; Grodzinsky et al., 2000]. Additionally, dynamic loading condi-

tions increase the mass transport of nutrients, signaling molecules and oxygen which can 

interact synergistically with the mechanical signals to facilitate cell proliferation and matrix 

synthesis. Current approaches focus on the development of devices that combine the advan-

tages of several mechanical stimuli in a single bioreactor in order to elicit a yet better re-

sponse from the cells. Combinations of hydrodynamic reactors and compressive loading 

have been proposed to couple the positive influence of enhanced nutrient transport with the 
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application of mechanical forces to direct cellular activity and phenotype [Démarteau et al., 

2003; Seidel et al., 2004]. 

The use of bioreactors in applying mechanical forces to 3D constructs means an important 

step towards the development of functional grafts through enhancing cell differentiation 

and/or extracellular matrix deposition in engineered tissues for the treatment of lost or dam-

aged body parts. Furthermore, engineered tissues could provide reliable in vitro model sys-

tems to facilitate a fundamental understanding of the effects of physical forces on developing 

tissues, and to predict the responses of an engineered tissue to physiological forces on sur-

gical implantation [Martin et al., 2004]. 

2.6 Cellular imaging 

An important issue to successfully develop stem cell-based therapies is to localize and moni-

tor migration of the transplanted cells in the repair tissue. Today, cellular imaging is an estab-

lished technique to monitor cell behavior in vivo. It can be defined as the ‘non-invasive and 

repetitive imaging of targeted cells and cellular processes in living organisms’ [Bulte and 

Kraitchman, 2004]. In the future, this technique should avoid invasive and irreversible tissue 

removal procedures, which are necessary for traditional histopathological methods of cell 

detection. Among different imaging modalities, magnetic resonance imaging (MRI) stands 

out in terms of resolution and whole body imaging. MRI is already in clinical use for injury 

and disease diagnosis on the anatomic scale. In combination with an efficient labeling me-

thod, MRI allows imaging in real-time at the cellular and even molecular level [Thorek et al., 

2006]. 

2.6.1 Use of superparamagnetic iron oxide particles for MR imaging 

Superparamagnetic iron oxide (SPIO) particles can be used to label cells in order to distin-

guish them from the surrounding tissue. Furthermore, based on the simple detection of these 

particles by light and electron microscopy, a correlation between MR imaging and conven-

tional histology is possible to validate SPIO-enhanced MRI in preclinical studies. SPIO par-

ticles have been applied as magnetic contrast agents for over 20 years. They provide the 

targeted cell with a large magnetic moment that creates substantial disturbances in the local 

magnetic field, leading to a rapid dephasing of protons, including those not directly in the 

vicinity of the targeted cell [Bulte et al., 2004a]. This results in a strong decrease in the trans-

verse relaxation time constant T2* and labeled cells become detectable as hypointense dark 

spots in T2*-weighted MR images. SPIO particles are biocompatible because of their biode-

gradable iron oxide core and their appropriate surface coating which allows intracellular in-

corporation and degradation using normal biochemical pathways for iron metabolism [Bulte 

and Kraitchman, 2004]. 
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SPIO-based imaging of macrophage activity was the initial and is still the most significant 

clinical application in this field, in particular for tumor staging of the liver and lymph nodes 

[Harisinghani et al., 2001; Anzai et al., 2003]. As a valuable tool in preclinical research, vari-

ous non-phagocytic cells, including MSCs, were previously labeled in culture with SPIO par-

ticles [Arbab et al., 2003a; Daldrup-Link et al., 2003; Jendelová et al., 2003; Frank et al., 

2004; Rivière et al., 2005]. SPIO labeling was demonstrated to have no negative influence on 

the viability of magnetically labeled MSCs [Bos et al., 2004; Ju et al., 2006; Terrovitis et al., 

2006]. Investigations on the proliferation rates of SPIO-labeled MSCs, however, showed in 

some studies no influence [Arbab et al., 2004; Ittrich et al., 2005], whereas other studies re-

ported a slight inhibition [Bos et al., 2004; Terrovitis et al., 2006]. Furthermore, the differentia-

tion of MSCs, especially the chondrogenic differentiation, has been controversially discussed 

in previous studies. No alteration in the differentiation capacity of human MSCs was demon-

strated by Arbab et al. [2004, 2005b]. In contrast, Kostura et al. [2004] showed similar results 

concerning adipogenic and osteogenic differentiation, but a marked inhibition of chondroge-

nesis in human MSCs, using the same SPIO particles. 

The particle size, as well as the surface coating material, has an influence on the cellular 

uptake of the particles [Wilhelm et al., 2003; Matuszewski et al., 2005; Sun et al., 2005]. 

SPIO particles with a diameter more than 60 nm are incorporated to a higher degree in differ-

ent cell lines than ultrasmall SPIO (USPIO) particles with a diameter of approximately 10 to 

40 nm, using particles with carboxydextran as a coating material [Matuszewski et al., 2005; 

Sun et al., 2005]. Dextran is the most common used coating, although a wide variety of SPIO 

particles with other coating materials have been developed showing different uptake efficien-

cies [Gupta and Gupta, 2005]. However, dextran-coated particles are only poorly incorpo-

rated into the cell because of a relatively inefficient fluid-phase endocytosis pathway. There-

fore, several strategies have been developed to optimize SPIO particle uptake including the 

improvement of surface coating by functionalization with specific ligands, such as antibodies, 

transferrin, or the membrane-translocating signal peptide HIV-1 Tat [Lewin et al., 2000; Bulte 

et al., 2001; Ahrens et al., 2003]. Another possibility to improve particle incorporation is the 

use of transfection agents, which form highly-charged complexes with the SPIO particles, 

facilitating the interaction with anionic sites on the cell membrane thereby stimulating endo-

cytosis [Arbab et al., 2003a; Frank et al., 2003; Montet-Abou et al., 2007]. 

2.6.2 Labeling of cells with very small superparamagnetic iron oxide particles 

(VSOPs) for cellular MR imaging 

The so called very small superparamagnetic iron oxide particles (VSOPs) used in the present 

study have a total diameter of 11 nm including an iron oxide core of 5 nm (Fig. 3) [Pilgrimm, 

2003]. They are coated with citrate bearing negative surface charges. 



Introduction  16 

 

Citrate is a natural occurring substance in mammals, which can be metabolized by them, 

thus providing high biocompatibility. In contrast to transfection agent-supported particle up-

take, those anionic nanoparticles are probably incorporated by the cells via adsorptive endo-

cytosis, mediated by strong and non-specific electrostatic interactions of the particles with 

cationic sites on the plasma membrane [Wilhelm et al., 2003]. A previous study has been 

proven that the use of VSOPs led to a pronounced incorporation of label into cells compared 

to conventional dextran-coated USPIO particles [Fleige et al., 2002]. So far, VSOPs were 

successfully employed to label and monitor embryonic stem cells in the rat brain [Stroh et al., 

2005] and spleen-derived mononuclear cells in the ischemic mouse brain [Stroh et al., 2006]. 

In contrast to other SPIO particles, no addition of transfection agents is necessary, which are 

mostly not clinically approved and possibly capable to alter cell function. The small particle 

size of VSOPs should minimize possible negative effects on the stem cell function of hMSCs, 

especially on the chondrogenic differentiation capacity. 

2.7 Objective of the study 

In attempting to use stem cells as an alternative for chondrocytes in articular cartilage repair, 

the development of well-defined and efficient protocols for directing stem cell differentiation 

into the chondrogenic lineage in vitro is of outmost importance. To provide a three-dimen-

sional surrounding where the cells can differentiate and incorporate new extracellular matrix 

molecules, hMSCs were seeded in a collagen type I hydrogel, which is already in clinical use 

for ACT. The transplantation of well-differentiated hMSCs in a 3D matrix is also likely to re-

sult in higher engraftment efficiency and better integration within recipient cartilaginous tis-

sues. 

A recent study from our group has already shown that hMSCs embedded in a collagen type I 

hydrogel are able to undergo chondrogenic differentiation [Nöth et al., 2007]. However, histo-

logical analyses revealed only dotted staining around individual cells and no homogeneous 

cartilage-specific protein accumulation throughout the constructs. The purpose of this study 

was therefore first to improve the culture conditions of hMSCs in collagen hydrogels both in 

terms of cellular survival and proliferation and differentiation into the chondrogenic lineage. In 

Fig. 3 Schematic figure of VSOP. 

Protons are in close contact with the 

iron oxide core due to the small dia-

meter of the citrate coating. 

Modified from www.ferropharm.de. 
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detail, the effects of cell density and variations in culture media compositions were evaluated. 

These investigations should respond to the question whether hMSC are really able to pro-

duce a fully differentiated cartilaginous construct comparable to those derived from articular 

chondrocytes. 

Additionally, after the establishment of optimized culture conditions for the fabrication of an 

hMSC-based incompletely developed engineered tissue, this construct could be employed as 

an in vitro model to predict the responses of such a tissue to mechanical stimulation. To ad-

dress this issue, the second objective was to investigate the potential of a specific bioreactor 

system to induce chondrogenic differentiation of hMSCs in collagen hydrogels without addi-

tional chondrogenic supplements, i.e. TGF-β. If an impact of chondrogenesis in immature 

tissue engineered constructs due to mechanical stimulation would be demonstrated, this in-

formation could provide further knowledge which may benefit future approaches to the engi-

neering of hMSC-based constructs for articular cartilage tissue repair. 

To complete the development of a stem cell-based therapy, the localization of the trans-

planted cells is of great importance. Therefore, the third objective of this study was to visual-

ize magnetically labeled hMSCs embedded in collagen hydrogels with the use of high-resolu-

tion MRI. To exclude a possible influence of the labeling procedure on cellular activity, a sys-

tematic evaluation of the viability, proliferation and differentiation capacity of VSOP-labeled 

hMSCs compared to unlabeled cells was performed. With this labeling technique, the non-

invasive assessment of the transplanted cell distribution and migration in the target tissue, 

can be analyzed. 

 



Materials and methods  18 

3 Materials and methods 

3.1 Materials 

3.1.1 Consumables 

20-gauge needle  B. Braun, purchased from A. Hartenstein GmbH, 
Würzburg, Germany 

Cell culture flasks (175 cm2)  Greiner Bio-One GmbH, Frickenhausen, Germany 
Cell culture flasks (25 cm2, 
150 cm2) 

 TPP, purchased from Biochrom AG, Berlin, Germany 

Cell culture plates (6-, 12-, 24-, 
and 96-well) 

 Greiner Bio-One GmbH, Frickenhausen, Germany 

96-well assay plates  Corning, purchased by Schubert&Weiss GmbH, 
Munich, Germany 

Cell strainers (70 µm)  BD Falcon, purchased from A. Hartenstein GmbH, 
Würzburg, Germany 

Centrifugation tubes (15 ml, 50 
ml) 

 TPP, purchased from Biochrom AG, Berlin, Germany 

Lab-Tek Chamber Slides, 
Permanox, (2-, 4-, and 8-well) 

 Nunc, purchased from A. Hartenstein GmbH, 
Würzburg, Germany 

Microscope slides  Marienfeld Laboratory Glassware, purchased from A. 
Hartenstein GmbH, Würzburg, Germany 

Microscope cover slides  Marienfeld Laboratory Glassware, purchased from A. 
Hartenstein GmbH, Würzburg, Germany 

Pasteur pipettes  A. Hartenstein GmbH, Würzburg, Germany 
PCR tubes  Biozym, Hess. Oldendorf, Germany 
Pipette tips  Brandt, purchased from Laug & Scheller GmbH, 

Kürnach, Germany 
Plastic pipettes, serological  Sarstedt AG & Co., Nümbrecht, Germany 
poly-L-lysine coated microscope 
slides 

 Menzel-Gläser, purchased from A. Hartenstein 
GmbH, Würzburg, Germany 

Reaction tubes (1.5 ml)  Sarstedt AG & Co., Nümbrecht, Germany 
Scalpel  Bayha, purchased from A. Hartenstein GmbH, 

Würzburg, Germany 
Sterile filter (0.2 µm)  Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
UVettes  Eppendorf AG, Hamburg, Germany 

3.1.2 Chemicals and reagents 

2-propanol  Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
3-isobutyl-1-methylxanthine 
(IBMX) 

 AppliChem, purchased from A. Hartenstein GmbH, 
Würzburg, Germany 

4’,6-diamidino-2-phenylindole-
dihydrochlorid (DAPI) 

 Invitrogen, Karlsruhe, Germany 

β-mercaptoethanol  AppliChem, purchased from A. Hartenstein GmbH, 
Würzburg, Germany 

Acetic acid  Merck KGaA, Darmstadt, Germany 
Acetone  AppliChem, purchased from A. Hartenstein GmbH, 

Würzburg, Germany 
Agar  Merck KGaA, Darmstadt, Germany 
Agarose multi-purpose  Bioline GmbH, Luckenwalde, Germany 
Alcian blue  Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 
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Alizarin red S  Chroma-Gesellschaft Schmidt & Co., Stuttgart, 
Germany 

Aluminum sulfate  Merck KGaA, Darmstadt, Germany 
Aluminum potassium sulfate  Merck KGaA, Darmstadt, Germany 
Ammonia  Merck KGaA, Darmstadt, Germany 
Amyl acetate  Merck KGaA, Darmstadt, Germany 
Antibody dilution buffer  DCS, Hamburg, Germany 
Aquatex®  Merck KGaA, Darmstadt, Germany 
Boric acid  Merck KGaA, Darmstadt, Germany 
Bovine serum albumin fraction V 
(BSA) 

 AppliChem, purchased from A. Hartenstein GmbH, 
Würzburg, Germany 

Chloral hydrate  Merck KGaA, Darmstadt, Germany 
Chloroform  Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Citric acid  Merck KGaA, Darmstadt, Germany 
Dexamethasone  Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 
Dimethylsulfoxide (DMSO)  AppliChem, purchased from A. Hartenstein GmbH, 

Würzburg, Germany 
dNTP Mix  Bioline GmbH, Luckenwalde, Germany 
Dulbecco’s phosphate buffered 
saline (PBS) powder 

 Biochrom AG, Berlin, Germany 

Entellan  Merck KGaA, Darmstadt, Germany 
Eosin  Merck KGaA, Darmstadt, Germany 
Ethanol  AppliChem, purchased from A. Hartenstein GmbH, 

Würzburg, Germany 
Ethanol, denatured  Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Ethidium bromide  AppliChem, purchased from A. Hartenstein GmbH, 

Würzburg, Germany 
Ethylendiamintetraacetic acid 
(EDTA)-Tetrasodium salt hydrate  

 Calbiochem, purchased from A. Hartenstein GmbH, 
Würzburg, Germany 

Fluoromount-GTM  SouthernBiotech, purchased by Biozol, Eching, 
Germany 

Glycerol 2-phosphate disodium 
salt hydrate 

 Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 

Glycerol gelatine  Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 
Hematoxylin  Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Horse serum  PAA Laboratories GmbH, Pasching, Austria 
HPLC water  Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Hydrochloric acid  Merck KGaA, Darmstadt, Germany 
Hydrogen peroxide  Merck KGaA, Darmstadt, Germany 
Indomethacin  Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 
Insulin from bovine pancreas  Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 
Iron multi-cation standard VI  Merck KGaA, Darmstadt, Germany 
ITS-plus  Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 
L-ascorbic acid 2-phosphate 
sesquimagnesium salt 

 Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 

LE agarose  Biozym Scientific GmbH, Hessisch-Oldendorf, 
Germany 

Levamisole  DakoCytomation GmbH, Hamburg, Germany 
Methanol  AppliChem, purchased from A. Hartenstein GmbH, 

Würzburg, Germany 
Mouse serum  PAA Laboratories GmbH, Pasching, Austria 
Nitric acid, 65%, ultrapure  Merck KGaA, Darmstadt, Germany 
Nuclear fast red  Merck KGaA, Darmstadt, Germany 
Oilred O  Merck KGaA, Darmstadt, Germany 
Osmium tetroxide  Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 
Paraffin  Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
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Paraformaldehyde  Merck KGaA, Darmstadt, Germany 
PBS Dulbecco w/o Ca2+, Mg2+  Biochrom, Berlin, Germany 
PBS Dulbecco with Ca2+, Mg2+  PAA Laboratories GmbH, Pasching, Austria 
Pepsin  Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 
peqGOLD 100 bp DNA Ladder 
Plus 

 PEQLAB Biotechnologie GmbH, Erlangen, Germany 

Potassium ferrocyanide  Merck KGaA, Darmstadt, Germany 
Proline  Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 
Random hexamers  GE Healthcare, Munich, Germany 
Sodium chloride  AppliChem, purchased from A. Hartenstein GmbH, 

Würzburg, Germany 
Sodium hydroxide solution  AppliChem, purchased from A. Hartenstein GmbH, 

Würzburg, Germany 
Sodium iodate  Merck KGaA, Darmstadt, Germany 
Sodium pyruvate  Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 
Transforming growth factor β-1     
(TGF-β1) 

 R&D Systems, Wiesbaden, Germany 

Tris(hydroxymethyl)-
aminomethan  (Tris base) 

 AppliChem, purchased from A. Hartenstein GmbH, 
Würzburg, Germany 

Trizol  Invitrogen, Karlsruhe, Germany 
Trypan blue  Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany 
Tween 20  Merck KGaA, Darmstadt, Germany 
VSOP C200  Ferropharm, Teltow, Germany 
WST-1 reagent  Roche Diagnostics GmbH, Mannheim, Germany 
Xylole  Merck KGaA, Darmstadt, Germany 

3.1.3 Cell culture media and additives 

DMEM/Ham’s F-12 with L-
Glutamine (3.2 g/l glucose) 

 PAA Laboratories GmbH, Pasching, Austria 

DMEM high glucose (4.5 g/l) with     
L-Glutamine 

 PAA Laboratories GmbH, Pasching, Austria 

Fetal bovine serum (FBS)  PAA Laboratories GmbH, Pasching, Austria 
Fetal bovine serum (FBS)  Gibco, purchased from Invitrogen, Karlsruhe, 

Germany 
Penicillin/streptomycin 100x  PAA Laboratories GmbH, Pasching, Austria 

Additive stock solution 

L-ascorbic acid 2-phosphate sesquimagnesium salt (50 mg/ml) 
in distilled water, sterile filtered, stored in aliquots at -20°C 

Dexamethasone (1 mM) 
in ethanol, stored in aliquots at -80°C 

Glycerol 2-phosphate disodium salt hydrate (1 M) 
in distilled water, sterile filtered, stored in aliquots at -20°C 

Indomethacin (100 mM) 
in DMSO, stored in aliquots at -20°C 

Insulin from bovine pancreas (1 mg/ml) 
in 0.05% acetic acid, sterile filtered, stored in aliquots at -20°C 
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3-isobutyl-1-methylxanthine (IBMX, 500 mM) 
in DMSO, stored in aliquots at -20°C 

Proline (40 mg/ml) 
in distilled water, sterile filtered, stored in aliquots at -20°C 

Sodium pyruvate (100 mg/ml) 
in distilled water, sterile filtered, stored in aliquots at -20°C 

TGF-β1 (10 µg/ml) 
in 4 mM hydrochloric acid containing 1 mg/ml BSA, stored in aliquots at -20°C for up to 
3 months 

3.1.4 Components for the fabrication of collagen hydrogels 

The following components for the fabrication of collagen hydrogels were provided by Arthro 
Kinetics AG (Esslingen, Germany): 

• collagen type I stock solution, extracted from rat tails and dissolved in acetic acid at a 
concentration of 6 mg/ml collagen type I, pH = 4.0 

• gel neutralization solution consisting of HEPES-buffered, double concentrated 
DMEM/Ham’s F-12 

• gel neutralization solution consisting of HEPES-buffered, threefold concentrated 
DMEM/Ham’s F-12 

Prior to use, 20% FBS were added to the gel neutralization solution consisting of double 
concentrated DMEM/Ham’s F-12 (termed “2x GNS Ham F1”). 
30% FBS were added to the gel neutralization solution consisting of threefold concentrated 
DMEM/Ham’s F-12 (termed “3x GNS”). 

3.1.5 Antibodies 

Tab. 1 Antibodies used for the phenotypic characterization of hMSCs 

Clone Antigen Concentration of use 

TÜK4 CD14 (lipopolysaccharide receptor) 1.15 µg/ml 
BIRMA-K3 CD34 (early hematopoietic stem cell marker) 3.5 µg/ml 
DF1485 CD44 (hyaluronate receptor) 2 µg/ml 
T29/33 CD45 (leukocyte common antigen) 4.8 µg/ml 
F15-42-1 CD90 (Thy-1) 4 µg/ml 
SN6h CD105 (TGF-β receptor endoglin) 5.25 µg/ml 

All these antibodies were purchased from DakoCytomation GmbH (Hamburg, Germany). 
The antibodies were diluted in antibody dilution buffer. 

The primary antibody for collagen type II (clone II-4C1) was purchased from Acris (Hidden-
hausen, Germany), and was used at a concentration of 714 ng/ml. 
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3.1.6 Enzymes 

2.5% Trypsin (10x concentrate)  PAA Laboratories GmbH, Pasching, Austria 
Collagenase NB4  Serva Electrophoresis, Heidelberg, Germany 
BioScript Reverse Transcriptase  Bioline GmbH, Luckenwalde, Germany 
MangoTaq DNA polymerase  Bioline GmbH, Luckenwalde, Germany 

3.1.7 Primers 

All primer sets were already established in the laboratory. Whenever possible, they were 
designed to span different exons to exclude false positive detection of DNA contaminants in 
the RNA specimens. 

Tab. 2 Sequences of primer sets used for gene expression analyses and expected 

product sizes 

Primer sequences Product 
size (bp) 

Sequence IDa TA
b 

(°C) 

Housekeeping gene    
eukaryotic translation elongation factor 1 alpha 1 (EF1α) 235 NM_001402 54 
sense: 
antisense: 

5’-AGGTGATTATCCTGAACCATCC-3’ 
5’-AAAGGTGGATAGTCTGAGAAGC-3’ 

   

Adipose-specific genes    
lipoprotein lipase (LPL) 276 NM_000237 51 
sense: 
antisense: 

5’-GAGATTTCTCTGTATGGCACC-3’ 
5’-CTGCAAATGAGACACTTTCTC-3’ 

   

peroxisome proliferator-activated receptor, gamma 2 
(PPARγ2) 

351 NM_015869 51 

sense: 
antisense: 

5’-GCTGTTATGGGTGAAACTCTG-3’ 
5’-ATAAGGTGGAGATGCAGGCTC-3’ 

   

Bone-specific genes    

alkaline phosphatase (ALP) 454 NM_000478 51 
sense: 
antisense: 

5’-TGGAGCTTCAGAAGCTCAACACCA-3’ 
5’-ATCTCGTTGTCTGAGTACCAGTCC-3’ 

   

bone sialoprotein (BSP) 450 NM_004967 54 
sense: 
antisense: 

5’-AATGAAAACGAAGAAAGCGAAG-3’ 
5’-ATCATAGCCATCGTAGCCTTGT-3’ 

   

collagen type I, alpha 2 (Col I) 461 NM_000089 52 
sense: 
antisense: 

5’-GGACACAATGGATTGCAAGG-3’ 
5’-TAACCACTGCTCCACTCTGG-3’ 

   

secreted phosphoprotein 1 (OP) 483/ NM_000582/ 51 
sense: 
antisense: 

5’-ACGCCGACCAAGGAAAACTC-3’ 
5’-GTCCATAAACCACACTATCAG-3’ 

525 NM_001040058  

Cartilage-specific genes    
aggrecan 1 (AGN) 392 NM_013227 54 
sense: 
antisense: 

5’-GCCTTGAGCAGTTCACCTTC-3’ 
5’-CTCTTCTACGGGGACAGCAG-3’ 

   

biglycan (BGN) 213 NM_001711 53 
sense: 
antisense: 

5’-ACAGTGGCTTTGAACCTGGA-3’ 
5’-TCATCCTGATCTGGTTGTGG-3’ 

   

cartilage oligomeric matrix protein (COMP) 312 NM_000095 54 
sense: 
antisense: 

5’-CAGGACGACTTTGATGCAGA-3’ 
5’-AGGCTGGAGCTGTCCTGGTA-3’ 
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Primer sequences Product 
size (bp) 

Sequence IDa TA
b 

(°C) 

Cartilage-specific genes    
collagen type II, alpha 1 (Col II) 374 NM_033150 58 
sense: 
antisense: 

5’-TTTCCCAGGTCAAGATGGTC-3’ 
5’-CTTCAGCACCTGTCTCACCA-3’ 

   

collagen type X, alpha 1 (Col X) 468 NM_000493 54 
sense: 
antisense: 

5’-CCCTTTTTGCTGCTAGTATCC-3’ 
5’-CTGTTGTCCAGGTTTTCCTGGCAC-3’ 

   

collagen type XI, alpha 1 (Col XI) 495 NM_080630 57 
sense: 
antisense: 

5’-ACTTCTGACTGCCTCTGCTC-3’ 
5’-GCTTTTGCCATGTGATTCTGCC-3’ 

   

SRY (sex determining region Y) - box 9 (SOX9) 263 NM_000346 58 
sense: 
antisense: 

5’-ATCTGAAGAAGGAGAGCGAG-3’ 
5’-CAAGCTCTGGAGACTTCTGA-3’ 

   

Matrix turnover-specific genes    
Matrix metalloproteinase 3 (MMP3) 388 NM_002422 55 
sense: 
antisense: 

5’-CACTTCAGAACCTTTCCTGGCATC-3’ 
5’-GCTTCAGTGTTGGCTGAGTG-3’ 

   

Matrix metalloproteinase 13 (MMP13) 166 NM_002427 54 
sense: 
antisense: 

5’-AACATCCAAAAACGCCAGAC-3’ 
5’-GGAAGTTCTGGCCAAAATGA-3’ 

   

TIMP metalloproteinase inhibitor 1 (TIMP1) 165 NM_003254 57 
sense: 
antisense: 

5’-TGACATCCGGTTCGTCTACA-3’ 
5’-GCTAAGCTCAGGCTGTTCCA-3’ 

   

a reference sequence ID of the NCBI data base 
b annealing temperature TA 
Due to the existence of alternative splice variants of the secreted phosphoprotein 1 (OP) mRNA, two 
PCR products of different length can be generated. 

3.1.8 Buffers and other solutions 

Solutions for cell culture 

1x PBS 
9.55 g PBS Dulbecco w/o Ca2+, Mg2+ 
ad 1 l distilled water 
pH adjusted to 7.4 and autoclaved 

1x PBS/EDTA 
9.55 g PBS Dulbecco w/o Ca2+, Mg2+ 
0.2 g EDTA tetrasodium salt hydrate 
ad 1 l distilled water 
pH adjusted to 7.4 and autoclaved 

0.25% Trypsin 
5 ml 2.5% trypsin (sterile) 
ad 50 ml 1x PBS 

1.25 U/ml Collagenase 
in PBS with Ca2+, Mg2+ 
sterile filtered, stored in aliquots at -20°C 
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Solutions for molecular biology 

10x TBE 
108 g Tris base 
55 g boric acid 
9.05 g EDTA tetrasodium salt hydrate 
ad 1 l distilled water 
pH adjusted to 8.3 and autoclaved 

Solutions for histology 

4% phosphate-buffered paraformaldehyde (PFA) 
4 g paraformaldehyde were dissolved in about 75 ml 1x PBS, heated on a magnetic stirrer to 
55-60°C and left on this temperature for 5 min. Sodium hydroxide was added until the solu-
tion became clear (approximately 100 to 150 µl). After cooling down to room temperature, the 
pH was adjusted to 7.4 and the solution was filled up to 100 ml with 1x PBS. 

Hemalaun solution 
6 g hematoxylin 
1 g sodium iodate 
250 g aluminum potassium sulfate 
250 g chloral hydrate 
5 g citric acid 
ad 5 l distilled water 

1% eosin solution 
1 g eosin 
ad 100 ml distilled water and one drop of acetic acid 

0.5% oilred O stock solution 
0.5 g oilred O 
ad 100 ml 99% 2-propanol 
0.3% oilred O working solution was prepared by mixing 6 parts stock solution with 4 parts 
distilled water, incubated over night and filtrated before use. 

1% alizarin red S staining solution 
0.25 g alizarin red S dye 
ad 25 ml distilled water and 250 µl 25% ammonia 

Nuclear fast red solution 
5 g aluminum sulfate were dissolved in 100 ml distilled water and boiled on a magnetic stir-
rer. After addition and dissolution of 0.1 g nuclear fast red the solution was cooled down to 
room temperature and filtrated before use. 

Solutions for immunohistochemistry 

Washing buffer 
Stock solution: 10xTBS (0.5 M), pH 7.6 

60.6 g  Tris base 
87.66 g sodium chloride 
ad 1 l distilled water 
pH adjusted to 7.6 and autoclaved 
Working solution: 1x TBS (0.05 M), pH 7.6 

1:10 dilution of 10x TBS, supplemented with 0.5% Tween 20 
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Blocking solution 
1 g BSA 
2.5 ml horse serum 
ad 50 ml 1x TBS 

1 M Tris-HCl, pH 2.0 
121.14 g Tris base 
ad 1 l distilled water 
pH adjusted to 2.0 by addition of hydrochloric acid 

3.1.9 Kits 

BioGenex Super SensitiveTM 
Link-Label IHC Detection System 

 DCS, Hamburg, Germany 

Caspase-Glo® 3/7 Assay  Promega, Mannheim, Germany 
Live/Dead Viability stain  Mobitec, Göttingen, Germany 
Nucleospin RNA II isolation kit  Macherey-Nagel GmbH & Co. KG, Düren, Germany 

3.1.10 Equipment 

Accu-jet pipettor  Brand, purchased from A. Hartenstein GmbH, 
Würzburg, Germany 

Autoclave H+P varioclave steam 
sterilizer 

 Thermo Electron GmbH, Oberschleißheim, Germany 

AxioCam MRc digital camera  Carl Zeiss Jena GmbH, Jena, Germany 
BioPhotometer  Eppendorf AG, Hamburg, Germany 
Bruker Avance 500 MRI system  Bruker BioSpin GmbH, Rheinstetten, Germany 
Centrifuge Heraeus Biofuge pico  Thermo Electron GmbH, Oberschleißheim, Germany 
Centrifuge Heraeus Labofuge 
400 

 Thermo Electron GmbH, Oberschleißheim, Germany 

CO2 incubator Heraeus B5060  Thermo Electron GmbH, Oberschleißheim, Germany 
Electron microscope EM10  Carl Zeiss Jena GmbH, Jena, Germany 
Electrophoresis power supplies  Bio-Rad Laboratories GmbH, Munich, Germany 
Freezer Bosch Economic (-20°C)  Bosch GmbH, Gerlingen-Schillerhöhe, Germany 
Freezer IlShin (-80°C)  Nunc GmbH & Co. KG, Wiesbaden, Germany 
Glassware  Schott, purchased from A. Hartenstein GmbH, 

Würzburg, Germany 
Heating block  Boekel Scientific, purchased from A. Hartenstein 

GmbH, Würzburg, Germany 
Hemocytometer Neubauer  Marienfeld Laboratory Glassware, purchased from A. 

Hartenstein GmbH, Würzburg, Germany 
Hot air sterilizer Heraeus  Thermo Electron GmbH, Oberschleißheim, Germany 
Horizontal mini gel 
electrophoresis system EasyCast 
Model B2 

 Owl Separation Systems, Portsmouth, USA 

Laboratory dishwasher  Miele & Cie. KG, Gütersloh, Germany 
Laminar airflow cabinet HERA 
safe 

 Thermo Electron GmbH, Oberschleißheim, Germany 

Luminometer  Berthold Detection Systems, Pforzheim, Germany 
Magnetic stirrer and heater  A. Hartenstein GmbH, Würzburg, Germany 
Mass spectrometer Varian  Varian, Darmstadt, Germany 
Micro-pipettes  ABIMED Analysentechnik GmbH, Langenfeld, 

Germany 
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Microscopes: Axiovert 25, 
Axioskop, and Axioskop 2 MOT 

 Carl Zeiss Jena GmbH, Jena, Germany 

Microtome RM2125RT  Leica, Wetzlar, Germany 
pH-meter inolab pH level 1  WTW, purchased from A. Hartenstein GmbH, 

Würzburg, Germany 
Photometer SLT Spectra Classic  Tecan Deutschland GmbH, Crailsheim, Germany 
Refrigerator Fresh Center  Bosch GmbH, Gerlingen-Schillerhöhe, Germany 
Thermal cycler PTC-200  MJ Research, purchased from Biozym Scientific 

GmbH, Hessisch Oldendorf, Germany 
Thermal printer  Seico, purchased from -ltf- Labortechnik GmbH & Co. 

KG, Wasserburg, Germany 
Vacuum pump system  Vacuubrand, purchased from A. Hartenstein GmbH, 

Würzburg, Germany 
Vortexer Vortex-Genie 2  Scientific Industries, purchased from A. Hartenstein 

GmbH, Würzburg, Germany 
Water bath WB7  Memmert, purchased from A. Hartenstein GmbH, 

Würzburg, Germany 

3.1.11 Software and online sources 

AxioVision 4.4.1.0  Carl Zeiss Jena GmbH, Jena, Germany 
Bio 1D/Capt MW software  LTF, Wasserburg, Germany 
Bio Profile software  LTF, Wasserburg, Germany 
Magellan 3.00  Tecan Deutschland GmbH, Crailsheim, Germany 
Office Excel 2007  Microsoft Deutschland GmbH, Unterschleißheim, 

Germany 
Office Word 2007  Microsoft Deutschland GmbH, Unterschleißheim, 

Germany 
Photoshop Elements 4.0  Adobe, purchased from University of Würzburg, 

Germany 
 
e! Ensembl Human  http://www.ensembl.org/Homo_sapiens 
NCBI Blast  http://www.ncbi.nlm.nih.gov/BLAST 
NCBI Pubmed  http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?DB=pubmed 
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3.2 Methods 

3.2.1 Isolation and culture of human mesenchymal stem cells (hMSCs) 

Isolation of hMSCs was performed after the approval of the Institutional Review Board of the 
University of Würzburg. The cells were isolated from the femoral head of patients undergoing 
total hip arthroplasty, using a protocol first described by Haynesworth et al., 1992, and mod-
ified by Nöth et al., 2002b. 
Briefly, harvested trabecular bone plugs were transferred to 50 ml centrifugation tubes con-
taining stem cell medium (SCM) consisting of DMEM/Ham’s F-12 supplemented with 10% 
fetal bovine serum (FBS), 100 U/ml penicillin, 100 µg/ml streptomycin, and 50 µg/ml L-ascor-
bic acid 2-phosphate. After centrifugation at 250 x g for 5 min the supernatant was discarded 
to remove any fatty components. To release marrow cells, bone plugs were subsequently 
washed by vortexing. The dispersed cells were filtered through a cell strainer to hold back 
bone fragments and collected in a fresh tube. This procedure was repeated for a total of five 
times to extract the remaining cells. Cell number and viability of the collected cells were de-
termined with a hemocytometer and cells were plated at a density of 3 x 106 cells/cm2 into 
cell culture flasks and cultivated at 37°C in a humidified atmosphere with 5% CO2. After 2 to 
3 days of cultivation non-adherent blood cells were removed and attached hMSCs were 
washed twice with PBS. The culture medium (SCM) was changed every 3 to 4 days. After 
10 to 14 days of cultivation, when the cells reached 70 to 80% confluency, they were de-
tached by incubation with PBS/EDTA for 5 min following addition of 0.25% trypsin-EDTA and 
incubation for 2-3 min at 37°C. To inactivate the trypsin, the same volume of SCM was 
added. 

3.2.2 Phenotypic characterization of hMSCs 

HMSC cultures were routinely observed on an inverted phase-contrast microscope. Photomi-
crographs were taken with a digital camera, using AxioVision software. 
The expression of specific cell surface markers on hMSCs was analyzed in almost every cell 
preparation. The antibodies employed, their specified antigens and the used concentrations 
are listed in Table 1 (see section 3.1.5). 
Cells were detached at the end of primary culture by trypsin-EDTA treatment, replated at 
3,000 cells per well in chamber slides, and cultivated for 3 days in SCM. To detect surface 
antigens, cells were fixed with ice-cold ethanol/acetone (1:1) for 10 min, rinsed with washing 
buffer, blocked for non-specific staining with blocking solution and incubated overnight with 
the respective primary antibody at a concentration previously established by titration. Nega-
tive controls were incubated with mouse serum as a substitute for the primary antibody. Im-
munoreactivity was detected using BioGenex Super SensitiveTM Link-Label IHC Detection 
System, which is based on the streptavidin-biotin technology. The Link, a biotinylated sec-
ondary antibody, reacts with the Label, which is composed of streptavidin labeled with the 
enzyme alkaline phosphatase. This entire antibody-enzyme complex is then visualized by the 
incubation with a chromogenic substrate for alkaline phosphatase, Fast Red. According to 
the manufacturer’s instructions, washed slides were incubated with the Link followed by incu-
bation with the Label for 20 min at room temperature, respectively. Washing steps of 3 x 
5 min were performed between each incubation step. Slides were then incubated with Fast 
Red until adequate color development was seen (usually within 5 min). Levamisole was 
added to the chromogenic substrate to block endogenous alkaline phosphatase. To stop the 
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reaction slides were washed in distilled water. The specimens were counterstained for 9 min 
with hemalaun and mounted in aqueous mounting medium. 

3.2.3 Labeling of hMSCs with very small superparamagnetic iron oxide particles 

(VSOPs) 

3.2.3.1 Labeling protocol 

Cell labeling with VSOP C200 was always performed at the end of primary culture. The iron 
oxide particles were added to the culture medium at a concentration of 1.5 mM and the cells 
were incubated for 90 min at 37°C and 5% CO2, according to the manufacturer’s instructions. 
No additional transfection agent was used. After incubation, hMSCs were washed three 
times with PBS to remove excess VSOPs. The labeled cells were collected by trypsinization, 
passed through a cell strainer to exclude cell clusters, counted with a hemocytometer, and 
used for further experiments. 

3.2.3.2 Detection of iron oxide particles within VSOP-labeled hMSCs 

Particle incorporation was assessed using different methods. 

Prussian blue staining. 
To confirm successful VSOP labeling, an aliquot of hMSCs was stained with iron-specific 
prussian blue after each labeling experiment. Labeled and unlabeled hMSCs were seeded 
on poly-L-lysine coated slides and allowed to adhere overnight. Cells on slides were then 
fixed with 4% PFA for 10 min, washed with distilled water, incubated with 1% potassium 
ferrocyanide in 1% hydrochloric acid for 30 min, washed again and counterstained with nuc-
lear fast red for 5 min [Ittrich et al., 2005]. 

Fluorescent dye-labeled VSOPs. 
Particle incorporation was further demonstrated using fluorescent dye-labeled VSOPs. Labe-
ling of hMSCs with FITC-labeled iron oxide particles was performed as described for unmodi-
fied VSOPs. An aliquot of labeled cells was seeded on poly-L-lysine coated slides and al-
lowed to adhere overnight. The next day the adherent cells were fixed with ice-cold etha-
nol/acetone (1:1) for 10 min and incubated with 1 µg/ml DAPI for 5 min in the dark for nuc-
leus staining. The cells were then washed three times with PBS for 5 min and finally mounted 
in Fluoromount-G. The uptake of fluorescent dye-labeled particles was visualized with a 63x 
oil-immersion objective using the Axioskop 2 MOT microscope equipped with an AxioCam 
MRc digital camera. Fluorescence from green (FITC) and blue (DAPI) channels were col-
lected and processed into final two-color images. 

Transmission electron microscopy (TEM). 
The preparation of the samples for TEM was performed by the group of Prof. Krohne (Divi-
sion of Electron Microscopy, Theodor-Boveri-Institute, University of Würzburg). VSOP-
labeled and unlabeled hMSCs were seeded on microscope cover slides and allowed to ad-
here overnight. Cells on slides were fixed with 2.5% glutaraldehyde in 50 mM cacodylate 
buffer (pH 7.2) for 30 min, rinsed three times in 50 mM cacodylate buffer, and postfixed in 
2% osmium tetroxide for 90 min at 4°C. Samples were then rinsed with distilled water, 
stained with 2% uranyl acetate overnight, washed with distilled water, dehydrated using a 
graded series of ethanol, passed through propylene oxide, and embedded in epoxy resin 
(Epon 812). The embedded samples were cut into ultrathin sections of 60 nm thickness and 
examined under the EM 10 microscope. 
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Quantification of cellular iron content. 
The iron content per cell was determined using inductively coupled plasma - mass spectro-
metry (ICP-MS) against standard solutions of 500 and 1,000 ppm iron in 0.65% nitric acid. 
The cell suspensions with known cell density were centrifuged at 250 x g and the remaining 
cell pellet was resuspended in 500 µl of 65% nitric acid and 10 µl 30% hydrogen peroxide to 
lyse the cells. Subsequently, the solution was diluted with deionized water to a final concen-
tration of 0.65% nitric acid. 
The cellular iron content from different labeling experiments was expressed as mean ± stan-
dard deviation (SD) and was verified by analysis of variance. The Mann-Whitney test was 
applied to identify significant differences. P values of less than 0.05 were considered statisti-
cally significant. 

3.2.3.3 Cellular viability and apoptosis 

Trypan blue viability test. 
In each labeling experiment, the viability of VSOP-labeled and unlabeled cells was evaluated 
with a trypan blue dye exclusion test immediately after detachment of the cells. The cell pel-
let was resuspended in a known volume of SCM and cell number and viability were deter-
mined from an aliquot by mixing 50 µl of cell suspension with 50 µl of trypan blue and 
counted with a hemocytometer. 

Apoptosis. 

To detect if VSOP labeling led to cellular apoptosis, the Caspase-Glo® 3/7 Assay was used. 
This assay, based on luminescence, measures caspase-3 and -7 activities, key effectors in 
apoptosis in mammalian cells. VSOP-labeled and unlabeled cells were seeded at 
10,000 cells per well in 96-well assay plates and cultivated for 24 h. Blank wells with only 
culture medium were included to measure background luminescence. After adding the Cas-
pase-Glo® 3/7 Reagent, the cells were incubated in the dark for 30 min at room temperature. 
The luminescence, proportional to the amount of caspase activity present, was measured 
with a plate-reading luminometer. 
The quantitative data, corrected by subtraction of the background luminescence, were ex-
pressed as mean ± SD and were verified by analysis of variance. The Mann-Whitney test 
was applied to identify significant differences. P values of less than 0.05 were considered 
statistically significant. 

WST assay. 

The metabolic activity as an indicator of cell viability of VSOP-labeled and unlabeled cells 
was analyzed using the reagent WST-1. This assay allows the spectrophotometric quantifica-
tion of cell proliferation, cell viability, and cytotoxicity. WST-1 (4-[3-(4-Iodophenyl)-2-(4-nitro-
phenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) is a non-toxic tetrazolium salt, which is 
cleaved by mitochondrial dehydrogenases of metabolically active cells into water-soluble 
formazan, accompanied by a change of color from slightly red to dark red. Therefore, the 
amount of formazan dye formed is directly proportional to the metabolic activity of living cells 
and can be quantified by measurement of the absorbance at a wavelength of 450 nm. 
HMSCs were seeded at 4,000 cells per well in 96-well cell culture plates and cultivated in 
SCM for 3 days. Some wells were left empty to serve as a control for the background absorp-
tion of the medium itself. At day 3 of cultivation, the medium in each well was replaced by 
WST-1 reagent at a final dilution of 1:10 in SCM. Absorbance was repeatedly measured 
every 20 min up to 60 min after addition of the WST-1 reagent. The mean extinction values ± 
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SD were calculated from 10 wells for VSOP-labeled and unlabeled cells, respectively, and 
corrected by subtraction of the background absorbance mean value. 

3.2.3.4 Proliferation assays 

Proliferation curves in short-time culture. 
To evaluate the proliferation capacity of hMSCs directly after VSOP labeling, both labeled 
and unlabeled hMSCs were seeded at 10,000 cells per well in 24-well cell culture plates and 
cultivated in SCM. A cell count was performed each following day for up to 12 days in 
3 wells, respectively, and the number of living cells was determined using trypan blue. Mean 
± SD was calculated for each time point. The medium was changed every 3 to 4 days. 

Proliferation curves in long-term culture. 
To evaluate possible influences of intracellular iron in an extended culture period, the prolifer-
ative activity of both, unlabeled and VSOP-labeled cells were examined over several pas-
sages. Cells were seeded at 2.3 x 103 cells/cm2 in cell culture flasks and cultured until they 
reached 70 to 80% confluency. At the end of each passage living cells were counted using 
trypan blue dye. From each passage 2.3 x 103 cells/cm2 were reseeded in cell culture flasks 
and the procedure described above was repeated for 6 passages. The proliferation capacity 
was modeled by the standard exponential proliferation equation: 
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with N0 being the number of seeded cells on day 0 (4 x 105 cells) and N the number of har-
vested cells at the end of a passage. The cell doubling time was determined by dividing the 
total number of days in culture by the number of doublings (n). 
The cell population doubling times of 8 different hMSC preparations over 6 passages were 
expressed as mean ± SD and were verified by analysis of variance. The Mann-Whitney test 
was applied to identify significant differences. P values of less than 0.05 were considered 
statistically significant. 

3.2.3.5 Differentiation of hMSCs 

To determine whether VSOP labeling has any effect on the differentiation potential, both la-
beled and unlabeled hMSCs were analyzed for their capacity to differentiate along the adi-
pogenic, osteogenic, and chondrogenic lineage. For each lineage differentiation VSOP-
labeled and unlabeled cells from at least three donors were used. On day 28 of cultivation, 
histological staining for extracellular matrix (ECM) production was performed and total cellu-
lar RNA was extracted to assess gene expression of differentiated cells. 

Adipogenic differentiation. 
Adipogenesis was induced in confluent monolayer cultures according to the method de-
scribed by Pittenger et al., 1999, and modified by Nöth et al., 2002a. The adipogenic differen-
tiation medium consisted of DMEM high glucose, 10% FBS, 100 U/ml penicillin, and 
100 µg/ml streptomycin which was supplemented with 100 µM insulin, 500 µM IBMX, 1 µM 
dexamethasone, and 100 µM indomethacin. Cells maintained in SCM served as a negative 
control. Medium changes were performed three times a week. 

Osteogenic differentiation. 
Confluent monolayer cultures were grown in osteogenic differentiation medium consisting of 
DMEM high glucose containing 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin, 
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50 µg/ml L-ascorbic acid 2-phosphate, 10 mM glycerol 2-phosphate, and 100 nM dexame-
thasone, according to Jaiswal et al., 1997. Cells maintained in SCM served as negative con-
trols. The medium was changed three times a week. 

Chondrogenic differentiation. 
Chondrogenesis was induced using a high-density pellet cell culture system, modified from 
Johnstone et al., 1998. The serum-free chondrogenic differentiation medium (CDM) con-
sisted of DMEM high glucose, 100 U/ml penicillin, 100 µg/ml streptomycin, 50 µg/ml L-ascor-
bic acid 2-phosphate, 40 µg/ml proline, 100 µg/ml sodium pyruvate, 100 nM dexamethasone, 
and ITS-plus (final concentration: 10 µg/ml bovine insulin, 5.5 µg/ml transferrin, 5 µg/ml so-
dium selenite, 4.7 µg/ml linoleic acid, and 0.5 mg/ml BSA). Aliquots of 2.5 x 105 cells were 
washed and resuspended in chondrogenic differentiation medium, centrifuged at 250 x g and 
10 ng/ml TGF-β1 were added. Pellets maintained in chondrogenic differentiation medium 
without addition of TGF-β1 served as negative controls. Medium changes were performed 
twice a week. 

3.2.4 Fabrication and culture of hMSC collagen hydrogels 

3.2.4.1 Fabrication of hMSC collagen hydrogels 

Additionally to the gel neutralization solution (2x GNS Ham F1) provided by Arthro Kinetics 
AG other GNS were tested to evaluate the influence of different compositions on the prolife-
ration and chondrogenic differentiation of hMSCs. 

• “2x GNS HG F1” consisted of HEPES-buffered, double concentrated DMEM high glu-
cose and 20% FBS. 

• “2x GNS HG F2” consisted of HEPES-buffered, double concentrated DMEM high glu-
cose and 20% FBS (another lot, provided by the Cell Systems Laboratory from the 
Fraunhofer Institute for Interfacial Engineering and Biotechnology, Stuttgart, Ger-
many). 

The collagen type I stock solution remained liquid at 4°C and gelled when neutralized to 
pH 7.0 and transferred to 37°C. Therefore, the gel fabrication was carried out on ice. Colla-
gen hydrogels with different final collagen concentrations were fabricated. 

To produce standard collagen hydrogels, a gel neutralization solution based on double con-
centrated medium and 20% FBS was used, leading to hydrogels with a collagen concentra-
tion of 3 mg/ml. 
HMSCs were resuspended in 2x GNS at two times the required cell density of the final gels. 
An equal volume of collagen type I stock solution was added and both components were 
carefully mixed to avoid air inclusions. The appropriate volume of the collagen-cell suspen-
sion was transferred into cell culture plates to produce hydrogels with a thickness of 5 to 
6 mm. The exact cell concentrations and volumes of the fabricated collagen hydrogels are 
specified later in context with the performed experiments. Polymerization was allowed for 
20 min at 37°C in a 5% CO2 humidified atmosphere. The collagen hydrogels were subse-
quently incubated in the appropriate culture medium with changes every 3 to 4 days. 

To assay the contraction of the collagen hydrogels, the diameters of the hydrogels were 
measured weekly and expressed as the percentage of the original diameter. 

For the MRI experiments, collagen hydrogels with a final collagen concentration of 4 mg/ml 
were fabricated, using 3x GNS. 
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The gel fabrication was performed by mixing two parts of collagen type I stock solution with 
one part of 3x GNS. VSOP-labeled hMSCs were suspended in 0.5 ml 3x GNS using three 
times the required cell density of the final gels. After adding 1 ml of collagen type I stock so-
lution, the two components were carefully mixed to avoid air inclusions. The resulting colla-
gen-cell suspension was poured into custom-made Teflon inserts in 12-well cell culture 
plates. After polymerization for 20 min 3 ml of SCM were added. The resulting collagen hy-
drogels had a diameter of 17 mm and a thickness of 6 mm. Collagen hydrogels with unla-
belled cells were used as controls. HMSC collagen hydrogels were cultivated for a minimum 
of 3 days before MR imaging to allow air bubbles to disappear, which could give similar sig-
nal voids as the iron oxide particles. 

3.2.4.2 Cell proliferation in hMSC collagen hydrogels 

HMSC collagen hydrogels were fabricated in 24-well culture plates to produce hydrogels with 
a diameter of 16 mm and thickness of 5 mm. The cell proliferation was investigated with ini-
tial cell seeding concentrations of 3 x 105 and 4 x 105 hMSCs/ml gel. The hydrogels were cul-
tivated in serum-containing SCM, in chondrogenic differentiation medium without addition of 
TGF-β1 (CDM-), or in chondrogenic differentiation medium with TGF-β1 (CDM+). Additionally, 
the influence of different GNS on the proliferation within the matrix was assessed. The media 
were replaced in parallel every 3 to 4 days. 
To determine the cell number within the collagen hydrogels, cells were recovered at day 1, 7, 
14, and 21 by collagenase digestion. Collagen hydrogels were minced into small pieces and 
incubated in 0.625 U/ml collagenase NB4 at 37°C. As soon as the gels were completely solu-
bilized, which takes approximately 1 to 2 hours, the resulting cell suspension was centrifuged 
at 250 x g and the number of viable cells was determined with a hemocytometer using trypan 
blue. 

3.2.4.3 Chondrogenic differentiation of hMSCs in collagen hydrogels 

HMSC collagen hydrogels were cultivated for up to 28 days in serum-free chondrogenic dif-
ferentiation medium as described above (see section 3.2.3.5) with the addition of 10 ng/ml 
TGF-β1 (CDM+). As a control, hydrogels were cultivated in SCM containing 10% FBS or in 
CDM-. The media were changed every 3 to 4 days. To define the optimal initial cell density 
for chondrogenesis of hMSCs within the collagen hydrogel, initial cell seeding concentrations 
ranging from 1 x 105 to 1 x 106 hMSCs/ml gel were tested. Additionally, the effect of different 
GNS was examined. At the end of culture, histological and gene expression analyses were 
performed. 

3.2.5 Bioreactor cultivation of hMSC collagen hydrogels 

To investigate the metabolic response of hMSCs to mechanical stimulation in three-dimen-
sional culture, hMSC collagen hydrogels were cultivated in a custom-designed bioreactor 
under sterile culture conditions. The bioreactor cultivation was employed in cooperation with 
the group from Prof. Bader in Leipzig, who developed this bioreactor (Fig. 4). 
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Fig. 4 Bioreactor system consisting of a control unit (A) and 6 individual cultivation cham-

bers (B). 

The main characteristic of this bioreactor system is the combination of a perfusion culture 
and cyclic mechanical compression. Perfusion permits an enhanced convection within the 
construct to deliver nutrients to and to remove waste products from the constructs and addi-
tionally applies shear forces to the cells. Mechanical loading is performed in a contactless 
manner via a magnetic field driven loading plate. The entire perfusion and stimulation device 
is designed for the operation within an incubator and consists of an autoclavable cultivation 
chamber with a perfused locating stage for the construct and a contactless actuator for me-
chanical loading (Fig. 5). Online monitoring of media temperature, volumetric flow rate, pH-
value and the partial pressure of oxygen allows a continuous control of the culture environ-
ment. Additionally, samples for a manual offline analysis of glucose and lactose concentra-
tions as indicators for the cell metabolism can be aseptically aspirated. In the bioreactor peri-
phery, the culture medium is provided via a 50 ml medium reservoir. To achieve equilibrium 
with the gas environment of the incubator the recirculated medium from the reservoir passes 
a gas permeable silicone tubing gas exchanger. 

 

After assessment of the optimal culture conditions for hMSCs in the collagen hydrogels, con-
structs with a diameter of 34 mm, a thickness of 6 mm, and a defined initial cell seeding den-
sity were fabricated. They were pre-cultured for 10 days in 6-well cell culture plates under 

Fig. 5 Schematic figure of a cultivation 

chamber. Bioreactor device with a cover lid 

with an inlet/outlet port to maintain sterility 

(I), a magnetic mini-actuator with loading 

plate (II), the cultivation chamber comprising 

a locating stage for the construct (III), and a 

bioreactor vessel with three inlet/outlet ports 

for medium/gas change (IV) along with two 

sterile online sensor accesses for pO2 and 

pH monitoring (V). 
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free-swelling conditions to allow the cells to contract the hydrogel and synthesize new matrix 
to stiffen the gel. After this pre-incubation period, one construct was analyzed to determine 
gel diameter, cell number and viability. The hMSC collagen hydrogel constructs were trans-
ferred to the bioreactor to apply intermitted unconfined uniaxial compression. During the sti-
mulation period of 8 hours the constructs were compressed for a single second every ten 
minutes. This results in a sinusoidal force profile showing per cycle one initial second of load 
with a maximum stimulation force of 4.2 kPa. These parameters of the loading protocol were 
chosen on the basis of previous studies allowing the hydrogels to recover to their initial 
height within 10 min. This course of mechanical stimulation was followed by a rest period of 
16 hours. To secure a sufficient nutrient and oxygen supply, a dynamic medium change with 
a flow rate of 0.16 ml/min was applied. Control constructs were maintained under static, free-
swelling conditions in 6-well cell culture plates. All constructs were further cultivated for 
11 days at 37°C in a humidified atmosphere with 5% CO2, with mechanical deformational 
loading applied daily to the constructs in the bioreactor. At the end of the culture period, the 
cell number and viability was assessed and the constructs were processed for histological 
and gene expression analyses. 

3.2.6 High-field MR imaging 

MR imaging studies of hMSC collagen hydrogels were performed at 11.7 T on a 500 MHz 
Bruker Avance 500 MRI system with a maximum gradient strength of 0.66 T/m. The con-
structs were transferred under sterile conditions into an 18-mm MR tube containing 2% agar 
at the bottom and SCM, and were then placed within a 1H quadrature birdcage for imaging. 
The MR images were acquired using a 3D FLASH sequence. The applied parameters echo 
time TE and repetition time TR, and the nominal spatial resolution are specified in the figure 
legends. During the image post processing, a zero filling by a factor of two was applied in 
every dimension. 

3.2.7 Histology and immunohistochemistry 

At the end of cultivation, the pellets and the hMSC collagen hydrogels were harvested and 
fixed in 4% PFA for 2 h at room temperature. After fixation, the samples were dehydrated in 
a series of increasing ethanol concentrations and infiltrated with amyl acetate. Specimens 
were then embedded in paraffin and sectioned at a thickness of 4 µm. To prepare sections 
for histological and immunohistochemical staining, the paraffin sections were deparaffinized 
using xylole and rehydrated in a graded ethanol series. 

3.2.7.1 Oil red O staining 

To assess adipogenic differentiation, oil red O staining was performed to indicate intracellular 
lipid accumulation [Pittenger et al., 1999]. The cell monolayers were fixed with 4% PFA for 
10 min, washed with distilled water and incubated in 60% 2-propanol for 5 min. Staining with 
0.3% oil red O working solution was performed for 10 min at room temperature. Excess stain 
was removed by washing with 60% 2-propanol, followed by several changes of distilled wa-
ter. The cells were counterstained for 2 min with hemalaun. Intracellular lipid vesicles stained 
light orange to red. 
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3.2.7.2 Alizarin red S staining 

Osteogenic differentiation was assessed using alizarin red S staining to detect Ca2HPO4 de-
position typically for mineralization of the extracellular matrix [Lączka-Osyczka et al., 1998]. 
Cell monolayers were fixed with ice-cold methanol for 10 min, washed with distilled water, 
and incubated for 2 min in the alizarin red S staining solution. Excess dye was removed by 
several washes with distilled water. Mineralized nodules appeared dark red to red brown. 

3.2.7.3 Hemalaun&Eosin (H&E) staining 

Sections were subjected to H&E as a general staining to evaluate tissue structure, cell mor-
phology and distribution. All basophilic cell structures like the chromatin of the cell nucleus 
were stained blue from hemalaun, whereas eosin stained the acidophilic components like the 
cytoplasm and many tissue structures red. 
Slides from distilled water were incubated in hemalaun for 9 min. Excess stain was removed 
by washing with distilled water, and the nucleus stain was differentiated in 0.25% hydro-
chloric acid/50% ethanol and blued in tap water for 10 min. After that staining in 1% eosin 
was performed for 1 min. Excess dye was removed by several washes with distilled water. 
The stained slides were dehydrated in a graded ethanol series and mounted. 

3.2.7.4 Alcian blue staining 

To detect negatively charged sulfated proteoglycans in chondrogenic differentiated cultures, 
alcian blue staining was performed [Lev and Spicer, 1964]. The slides from distilled water 
were first incubated with 3% acetic acid for 3 min and then stained with 1% alcian blue 
(pH 1.0) for 30 min. After removal of excess stain in distilled water they were counterstained 
with nuclear fast red for 5 min. Excess dye was removed by several washes with distilled 
water. The stained slides were dehydrated in a graded ethanol series and mounted. 

3.2.7.5 Immunohistochemical staining for collagen type II 

Chondrogenic differentiation and production of cartilage-specific collagen type II was de-
tected using a monoclonal antibody specific for human collagen type II. The specimens were 
pretreated with pepsin (1 mg/ml in Tris-HCl, pH 2.0) for 15 min at room temperature for op-
timal antigen retrieval. After blocking nonspecific background staining, the sections were in-
cubated with the primary antibody overnight at 4°C. Negative control slides were incubated 
with mouse serum as a substitute for the primary antibody. Immunohistochemical staining 
was detected colorimetrically using BioGenex Super SensitiveTM Link-Label IHC Detection 
System as described above (see section 3.2.2). The specimens were counterstained for 15 s 
with hemalaun and mounted in aqueous mounting medium. 

3.2.8 Gene expression analyses 

3.2.8.1 Total RNA isolation 

For total cellular RNA extraction at day 28 from chondrogenic pellet cultures, adipogenic and 
osteogenic differentiated monolayer cultures, as well as their controls, Trizol reagent was 
used according to the manufacturer’s instructions. The use of Trizol reagent allowed a suffi-
cient separation of the extracellular matrix, especially in osteogenic differentiated cultures. 
Briefly, cells were homogenized in Trizol reagent and an additional centrifugation step at 
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3,500 x g at 4°C was included to remove any insoluble extracellular matrix material. The su-
pernatant was transferred to a fresh tube and after addition of chloroform the mixture was 
separated in two phases by centrifugation at 3,500 x g at 4°C. The RNA in the upper 
aqueous phase was precipitated with 2-propanol and recovered by centrifugation at 
3,500 x g at 4°C. The resulting RNA pellets were resuspended in lysis buffer (provided in the 
RNA isolation kit) containing 10 µl/ml β-mercaptoethanol and further purified by using Nuc-
leospin RNA II isolation kit, according to the manufacturer’s protocol. Incubation in the lysis 
buffer generated appropriate binding conditions for adsorption of the RNA to the silica mem-
brane of the mini spin column. Samples were on-column treated with DNase to remove poss-
ible genomic DNA contamination. Other contaminants like salts, metabolites and macro-
molecular cellular components were removed by multiple washing steps with appropriate 
buffers (provided in the RNA isolation kit). Total RNA was finally eluted in RNase-free water. 
The RNA samples were stored at -80°C. 
For total RNA extraction from hMSC collagen hydrogels, the construct were minced into 
small pieces, frozen with liquid nitrogen for 1 min, transferred into lysis buffer and homoge-
nized by aspiration through a 20-gauge needle. The homogenized solution was purified using 
Nucleospin RNA II isolation kit as described above. 
The RNA content was quantified spectrophotometrically at 260 nm. Since proteins absorb at 
280 nm and contaminants like carbohydrates and peptides absorb at 230 nm, purity of RNA 
was estimated by the quotients E260/E280 and E260/E230. Thereby, for pure RNA E260/E280 
should be 1.8 to 2.0 and E260/E230 should be larger than 2.0. 

3.2.8.2 cDNA synthesis 

Equal amounts of total RNA from each sample were reverse transcribed into cDNA using 
random hexamers and Bioscript reverse transcriptase (RT) in a 20-µl mixture. Briefly, dena-
turing of secondary structures of RNA and annealing of 1 µg random hexamers was 
achieved by heating to 70°C and subsequent chilling on ice. The master RT reaction mix, 
containing 5x reaction buffer, 0.5 mM of each dNTP, and 50 U RT, was added and random 
hexamers were extended at 25°C prior to elongation of first strand cDNA species at 42°C. 
The reaction was stopped by incubation at 70°C and each sample was diluted with HPLC 
water to a final volume of 50 µl. 

3.2.8.3 Reverse transcriptase polymerase chain reaction (RT-PCR) 

PCR amplification of cDNA was performed using MangoTaq DNA Polymerase and the hu-
man-specific primer sets listed in Table 2 (see section 3.1.7). The housekeeping gene elon-
gation factor 1α (EF1α) was always analyzed to monitor RNA loading. PCR was performed in 
a standard 30-µl volume reaction containing 1 µl of cDNA, 1x PCR buffer, 1.7 mM MgCl2, 
0.3 mM of each dNTP, 5 pmol of each sense and antisense primer, and 1 U MangoTaq DNA 
Polymerase. 
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The applied PCR reaction steps are listed below: 

1) Initial denaturation: 94°C  3 min 
2) Denaturation:  94°C  45 s 
3) Annealing:  51 - 58°C 45 s (depending on the primer pair) 
4) Extension:  72°C  1 min 
5) Final extension:  72°C  5 min 
6) Cooling:   12°C  forever 
Steps 2) - 4) were repeated 22 - 39 times depending on the intensity of the band for 
each PCR product. 

3.2.8.4 Agarose gel electrophoresis 

The amplified PCR products were electrophoretically separated on 1.5% agarose gels con-
taining ethidium bromide and visualized using the Bio Profile software. Ethidium bromide 
intercalates into double-stranded DNA or RNA and fluoresces when exposed to UV light. 
Agarose gels were prepared in 0.5x TBE buffer and ethidium bromide was added to the 
warm liquid agarose solution to a final concentration of 5%. After gel polymerization, equal 
volumes of PCR products were directly loaded onto the agarose-ethidium bromide gel, since 
the respective buffer system already contained loading dyes. As marker for band sizes, a 
100 bp DNA ladder containing DNA fragments of 100 – 3,000 bp was also loaded onto the 
gel. The intensity of individual bands was analyzed densitometrically with the Bio 1D/Capt 
MW software and the amount of PCR product for a single gene was normalized according to 
the corresponding EF1α housekeeping gene PCR product. 
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4 Results 

4.1 Characterization of hMSCs 

Primary cultures of hMSCs appeared morphologically as a homogenous population of fi-

broblastic cells (Fig. 6). At day 4 of cultivation very few spindle-shaped cells attached to the 

culture plate and residual unattached round hematopoietic cells were observed. The adhe-

rent cells replicated rapidly and formed a confluent monolayer by day 10 to 14 of cultivation. 

 

Fig. 6 Phase contrast photomicrographs of primary culture of hMSCs. An increase of adhe-

rent hMSCs showing a fibroblastic morphology could be observed from day 4 (A) to day 8 (B) up to 

day 12 (C) of cultivation. (200x) 

When the cells reached 70 to 80% confluency, they were replated (passaged) to new cell 

culture flasks at a density of 2.3 x 103 cells/cm2. As shown in Fig. 7, hMSCs retained their 

characteristic fibroblastic cell shape upon subcultivation. However, a distinct reduction in the 

growth rate was observed. Moreover, to exclude possible reduction of the differentiation ca-

pacity of hMSCs, only primary and first passages were used for all experiments. 

 

Fig. 7 Phase contrast photomicrographs of cultured hMSCs. The typical fibroblastic cell mor-

phology of hMSCs at the end of primary culture (A) and in passage 4 (B) is shown. (200x) 

To further characterize isolated hMSCs, the expression of specific cell surface antigens was 

analyzed at the end of primary culture. HMSCs showed a strong expression of CD44, a re-

ceptor for various ligands like hyaluronan and osteopontin, which plays a central role in the 

organization of the extracellular matrix in the marrow (Fig. 8A). The cells were also uniformly 

positive for CD90 (Thy-1), a marker for thymocytes and periphal T lymphocytes (Fig. 8B), 
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and for CD105 (TGF-β receptor endoglin), dominantly associated with endothelial cells 

(Fig. 8C). 

 
Fig. 8 Immunophenotyping of hMSCs. HMSCs showed a strong expression of the cell surface 

markers CD44 (A), CD90 (B), and CD105. Bar = 50 µm. 

In contrast, hMSCs lack typical markers of the hematopoietic lineage, including the lipopoly-

saccharide receptor CD14 (not shown), the early hematopoietic stem cell marker CD34 (not 

shown), and the leukocyte common antigen CD45 (Fig. 9A). 

 

Fig. 9 Immunophenotyping of hMSCs. HMSCs were negative for CD45 (A). Negative control 

demonstrates no unspecific staining (B). Bar = 50 µm 
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4.2 Fabrication and culture of hMSC collagen hydrogels 

4.2.1 Contraction of hMSC collagen hydrogels 

The contraction of standard collagen hydrogels, prepared with 2x GNS Ham F1, and with a 

collagen concentration of 3 mg/ml was monitored weekly up to day 21 of culture. A decrease 

in gel size was observed under all culture conditions, depending on the culture medium and 

the initial cell seeding density. The contracted hMSC collagen hydrogels nearly retained their 

rounded shape. Gels exposed to chondrogenic differentiation medium with TGF-β1 (CDM+) 

showed always the highest contraction, resulting in a collagen disc with curled edges and an 

opaque, dense structure with a higher mechanical strength, as shown macroscopically in 

Fig. 10. In contrast, less contracted hMSC collagen hydrogels retained their translucent gel 

appearance. Gel contraction did not occur in unseeded collagen hydrogels. 

 

The amount of gel contraction was highly dependent on the culture medium, because both 

serum and TGF-β1 induced a dramatic decrease in gel size (Fig. 11). By day 21, gels culti-

vated in serum-containing SCM and initially seeded with 1 x 105 hMSCs/ml gel had con-

tracted to 64.8 ± 16.0% of their original diameters, whereas those seeded with 5 x 105 

hMSCs/ml gel contracted to 42.9 ± 16.1% (Fig. 11A and C). In chondrogenic differentiation 

medium without TGF-β1 (CDM-), the decreases in gel sizes were less pronounced and were 

determined to 74.2 ± 4.3% and 56.5 ± 8.5% of their original diameters, respectively (Fig. 11A 

and C). In contrast, the presence of TGF-β1 in CDM+ stimulated the highest contraction of 

the three-dimensional collagen hydrogels, resulting in gel diameters of approximately 30%, 

independent from the initial cell seeding density. Particularly in SCM and CDM-, a higher 

amount of contraction at earlier time points was observed with increasing initial cell seeding 

concentrations, comparing hMSC collagen hydrogels with 1 x 105 cells/ml gel (Fig. 11A), 

3 x 105 cells/ml gel (Fig. 11B) and 5 x 105 cells/ml gel (Fig. 11C). 

Fig. 10 Macroscopic photograph of hMSC 

collagen hydrogels at day 21 of cultivation. 

Gels cultivated in CDM
+
 showed a more pro-

nounced contraction compared to gels in 

SCM. 
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Fig. 11 Contraction of hMSC collagen hydrogels in different culture media. Independent from 

the seeded cell number, hMSC collagen hydrogels were most contracted under the influence of TGF-

β1 (CDM
+
), followed by serum-containing SCM. Gels cultivated in CDM

-
 showed the lowest reduction 

of gel diameter (mean ± SD, n = 3). 

In summary, Fig. 12 shows the time course of contraction of hMSC collagen hydrogels in 

SCM (Fig. 12A), CDM- (Fig. 12B) and CDM+ (Fig. 12C) over 21 days of cultivation, fabricated 

with different initial cell seeding densities. In general, hMSC collagen hydrogels rapidly con-

tracted within the first 14 days and then markedly slowed down their contraction over the rest 

culture period in all culture conditions. The rate of gel contraction by hMSCs was highly de-

pendent on the number of cells incorporated into the collagen hydrogels. Enhanced gel con-

traction was observed with increasing initial cell seeding densities, showing high differences 

in the amount of contraction during the first two weeks of culture, especially in CDM- 

(Fig. 12B). With increasing culture time, these differences became less important. Interes-

tingly, gel contraction in CDM+ resulted at the same end point for all seeded cell numbers 

(Fig. 12C). 
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Fig. 12 Time course of hMSC collagen hydrogel contraction. After the drastic decrease in gel 

diameter over the first 14 days, the contraction reached nearly a plateau level, dependent on the 

culture conditions. Higher initial cell seeding densities resulted in smaller gel sizes (mean ± SD, n = 3). 

4.2.2 Cell proliferation in hMSC collagen hydrogels 

The proliferation of hMSCs in standard collagen hydrogels, prepared with 2x GNS Ham F1, 

was monitored over 21 days in either SCM containing 10% FBS, the expansion medium 

used in monolayer culture, or in CDM-, a serum-free medium containing already some com-

ponents necessary for chondrogenic differentiation, but no TGF-β1 (Fig. 13). One day after 

fabrication of gels with 3 x 105 hMSCs/ml gel, a drastic decline in cell number to approx-

imately the half of the initial cell seeding concentration was observed in both culture media, 

referring probably to the fabrication process itself, which includes rapid temperature changes 

and can cause short-time osmotic stress to the cells. Thereafter, hMSCs embedded in colla-

gen hydrogels proliferated in both culture media up to day 7, reaching the initial cell seeding 

concentration. Surprisingly, in SCM the cells then gradually decreased in number over time 

to an end concentration of 1.8 ± 0.2 x 105 hMSCs/ml gel. In contrast, in CDM- the cell number 

remained nearly constant at a level of 3.7 ± 1.3 x 105 hMSCs/ml gel throughout the culture. 

The high standard deviation refers to relatively large differences in the cell content of hMSC 

collagen hydrogels from different donors, ranging from 2.2 x 105 to 5.4 x 105 cells/ml gel at 

day 21. 
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Fig. 13 Cell proliferation in hMSC collagen hydrogels in SCM and CDM

-
. Collagen hydrogels 

were initially seeded with 3 x 10
5
 hMSCs/ml gel. After 21 days of cultivation, the cell number in SCM 

was significantly lower compared to CDM
-
 (mean ± SD, n = 3). 

Histological staining using H&E demonstrated a homogenous cell distribution throughout the 

collagen hydrogel. HMSC collagen hydrogels cultivated in CDM- (Fig. 14B) were more cellu-

lar than those cultivated in SCM (Fig. 14A), supporting the results of cell counting. 

 
Fig. 14 Histological analysis (H&E staining) of hMSC collagen hydrogels cultivated in differ-

ent media. Collagen hydrogels were seeded with 3 x 10
5
 hMSCs/ml gel cultivated for 21 days in either 

SCM (A) or CDM
-
 (B). Cells were homogenously distributed within the gels, with a higher cell number 

in gels cultivated in CDM
-
. Bar = 100 µm. 

To evaluate if a higher initial cell seeding concentration led to a higher survival rate of 

hMSCs in collagen hydrogels cultivated in SCM, the cell seeding number was increased to 

4 x 105 cells/ml gel. As shown in Fig. 15, a similar curve pattern was observed for both cell 

seeding densities. Maximum proliferation was again reached between day 1 and 7 and the 

cells then decreased in number continuously up to day 21. Interestingly, both cell seeding 

densities resulted in a similar cell number at day 1, and gels with the higher initial cell seed-

ing concentration revealed lower cell densities at day 7 and thereafter. Therefore, more in-

crease in the cell seeding concentration seemed to be meaningless. 

On the other hand, a decrease in initial cell seeding number should facilitate the proliferation 

of hMSCs in collagen hydrogels. With regard to an adequate cell density necessary for chon-

drogenic differentiation (see section 4.2.3), the proliferation of hMSCs in collagen hydrogels 

with lower cell densities was not investigated. 
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Fig. 15 Cell proliferation in hMSC collagen hydrogels with different initial cell concentrations. 

HMSC collagen hydrogels were cultivated in SCM. After 21 days of cultivation, the cell number in gels 

with a higher initial cell density was significantly lower compared to gels with a lower initial cell density 

(mean ± SD, n = 3). 

Additionally, to evaluate the behavior of hMSCs under conditions conducive to chondrogenic 

differentiation compared to expansion conditions, hMSC collagen hydrogels with 4 x 105 

cells/ml gel were prepared. In the presence of TGF-β1, the cell content of hMSC collagen 

hydrogels declined dramatically over 21 days of cultivation, suggesting that a certain amount 

of the cells did not differentiate and died (Fig. 16). 

 
Fig. 16 Cell proliferation in hMSC collagen hydrogels in SCM and CDM

+
. Collagen hydrogels 

were seeded with 4 x 10
5
 hMSCs/ml gel. After 21 days of cultivation, the cell number in CDM

+
 was 

significantly lower compared to SCM (mean ± SD, n = 3). 

To evaluate if the composition of the gel neutralization solution has an influence on the proli-

feration of hMSCs within collagen hydrogels, GNS differing in medium and FBS lot were 

tested. First, a GNS with DMEM high glucose instead of DMEM/Ham’s F-12 was used, with 

no changes of the other components. DMEM high glucose was chosen with regard to the 

chondrogenic differentiation, where this medium was used as the differentiation medium. As 

shown in Fig. 17, a similar behavior of hMSCs in the collagen hydrogels could be observed 
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for both GNS, independently from the culture medium used. Again, the cell number at day 21 

of cultivation was distinct lower in SCM (Fig. 17A) compared to CDM- (Fig. 17B). 

 
Fig. 17 Influence of the GNS composition on the proliferation of hMSCs in collagen hydro-

gels. Collagen hydrogels were seeded with 3 x 10
5
 hMSCs/ml gel and were cultivated either in SCM 

(A) or in CDM
-
 (B). Over the whole culture period, no differences in the cell number in gels fabricated 

with different GNS were evaluated for both media (mean ± SD, n = 3). 

Additionally, 2x GNS HG F2, consisting of DMEM high glucose and a different lot of FBS, 

was tested in comparison to the standard 2x GNS Ham F1. As shown in Fig. 18, at the be-

ginning of cultivation up to day 7 the cell numbers were comparable for both GNS. However, 

thereafter the typical decline of cell content in collagen hydrogels cultivated in SCM was ob-

served for 2x GNS Ham F1, whereas in gels fabricated with 2x GNS HG F2 the cell number 

remained constant. 

 
Fig. 18 Influence of the GNS composition on the proliferation of hMSCs in collagen hydro-

gels. Collagen hydrogels were seeded with 4 x 10
5
 hMSCs/ml gel and cultivated in SCM. At the end of 

the culture period, significant higher cell numbers in gels fabricated with 2x GNS HG F2 were eva-

luated (mean ± SD, n = 2). 

The higher cell count in gels fabricated with 2x GNS HG F2 was confirmed by histological 

analysis at day 21 of cultivation. HMSCs were distributed throughout the collagen hydrogels, 
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presenting only few cells in gels fabricated with 2x GNS Ham F1 (Fig. 19A). In contrast, for 

2x GNS HG F2 a distinct higher cell density could be observed (Fig. 19B). Additionally, gels 

fabricated with 2x GNS HG F2 showed more contraction, reaching half of the gel diameter at 

the end of the culture compared to gels with 2x GNS Ham F1. This pronounced contraction 

also contributed to the higher cell density seen in Fig. 19B. 

 

Fig. 19 Histological analysis (H&E staining) of hMSC collagen hydrogels fabricated with dif-

ferent GNS and cultivated in SCM. Collagen hydrogels were initially seeded with 4 x 10
5
 hMSCs/ml 

gel. After 21 days of cultivation, gels fabricated with 2x GNS Ham F1 (A) showed a distinct lower cell 

density compared to gels fabricated with 2x GNS HG F2 (B). Bar = 100 µm. 

In CDM-, a similar cell distribution could be detected compared to SCM at the end of culture 

in gels with different GNS. Both, hMSC collagen hydrogels fabricated with 2x GNS Ham F1 

or 2x GNS HG F1 showed a homogenous cell distribution (Fig. 20A and B), but a distinct 

lower cell density compared to gels with 2x GNS HG F2 (Fig. 20C). Keeping in mind the ab-

sence of serum in the cultivation medium CDM-, the lot of FBS as a component of the GNS 

seemed to have a crucial influence on the behavior of hMSCs in collagen hydrogels. 

 

Fig. 20 Histological analysis of hMSC collagen hydrogels fabricated with different GNS and 

cultivated in serum-free CDM
-
. Collagen hydrogels were seeded with 3 x 10

5
 hMSCs/ml gel and 

analyzed after 21 days with H&E staining. HMSCs were evenly distributed throughout all constructs. 

Gels fabricated with 2x GNS Ham F1 (A) or 2x GNS HG F1 (B) showed a lower cell density compared 

to gels fabricated with 2x GNS HG F2 (C). Bar = 100 µm. 

  



Results  47 

4.2.3 Chondrogenic differentiation of hMSCs in collagen hydrogels 

To promote chondrogenesis of hMSCs in a 3D matrix, hMSC collagen hydrogels were culti-

vated under conditions shown to induce chondrogenic differentiation in the standard pellet 

culture differentiation assay, using serum-free chondrogenic differentiation medium with 

10 ng/ml TGF-β1 (CDM+) [Johnstone et al., 1998]. The chondrogenic phenotype of hMSCs in 

collagen hydrogels was first verified using histological analyses (Fig. 21). Upon culture in 

CDM+ chondrogenesis could be confirmed by the accumulation of sulfated proteoglycans, 

evidenced by positive alcian blue staining (Fig. 21B), and the synthesis of collagen type II, 

evidenced by positive immunohistochemistry (Fig. 21D). In contrast, no cartilage-specific 

matrix deposition was observed in CDM- (Fig. 21A and C). 

 
Fig. 21 Histological analysis of hMSC collagen hydrogels cultivated in either CDM

-
 or CDM

+
. 

Collagen hydrogels were seeded with or 3 x 10
5
 hMSCs/ml gel and cultivated for 21 days in either 

CDM
-
 (A and C) or CDM

+
 (B and D). Alcian blue staining was negative in CDM

-
 (A), whereas in gels 

cultivated in CDM
+
 an ECM rich in sulfated proteoglycans could be detected (B). Immunohistochemical 

staining for collagen type II revealed no protein expression in CDM
-
 (C), whereas this cartilage-specific 

collagen was strongly deposited in CDM
+
 (D). Bar = 100 µm. 

In order to develop optimal differentiation conditions, parameters such as cell density and 

GNS composition were varied. First, the influence of different cell seeding densities on the 

chondrogenic differentiation of hMSCs in collagen hydrogels was examined after 28 days of 

culture by evaluating the expression levels of several cartilage-specific genes (Fig. 22). Stan-

dard collagen hydrogels were seeded with 1 x 105 or 3 x 105 hMSCs/ml gel, using 2x GNS 

Ham F1. Resulting from the proliferation studies (see section 4.2.2), higher cell seeding num-

bers were not investigated in these first experiments. HMSC collagen hydrogels cultivated in 

CDM- expressed already basal levels of the early chondrocyte-related genes Col XI, AGN, 

and BGN and the chondrogenic transcription factor SOX9, regardless of the initial cell seed-
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ing density. The mRNA level of COMP was distinct higher in gels seeded with the higher cell 

density. Surprisingly, a weak expression of Col II, the most important chondrogenic marker 

gene, was observed in the absence of TGF-β1 in gels seeded with 3 x 105 hMSCs/ml gel, but 

not in gels with the lower cell density. There was no expression of Col IX and also no expres-

sion of Col X, the marker for hypertrophic chondrocytes. In the presence of TGF-β1, how-

ever, all these genes were strongly up-regulated, to a similar degree for both analyzed initial 

cell seeding densities. 

 

Regarding the influence of different cell seeding densities on the chondrogenic differentiation 

of hMSCs in collagen hydrogels, Fig. 23 and Fig. 24 are showing the histological results of 

two different experiments with either 1 x 105 (Fig. 23A and B, Fig. 24A and B) or 3 x 105 

hMSCs/ml gel (Fig. 23C and D, Fig. 24C and D). Areas at the margin of the hMSC collagen 

hydrogel, with a more fibrous appearance and stained positively for alcian blue (Fig. 23A), 

were often observed. There was obviously an accumulation of sulfated proteoglycans, but 

only negligible amounts of collagen type II could be detected (Fig. 24A). The light blue stain-

ing in the most part of the construct refers to the typical background staining known for colla-

gen type I hydrogels, which is strengthened by the contraction of the gel. The strongest stain-

ing for cartilage-specific collagen type II in these experiments was detected in a construct 

seeded with 1 x 105 hMSCs/ml gel, as shown in Fig. 24B. Taking a closer look it could be 

ascertained, that the positive stained matrix revealed a complete different appearance com-

pared to the rest of the hydrogel, and a distinct higher cell density. The cells in this area dis-

played a spherical morphology and appeared to be enclosed in lacunae, consistent with the 

chondrogenic phenotype. The cells were surrounded by a proteoglycan- and collagen type II-

rich ECM. Considering hMSC collagen hydrogels seeded with the higher cell number, the 

histological staining showed on the one hand a complete lack of chondrogenic matrix secre-

tion, indicated by negative staining for both, proteoglycans (Fig. 23C) and collagen type II 

(Fig. 24C). On the other hand, Fig. 23D and Fig. 24D show a construct with a similar appear-

Fig. 22 Influence of the initial cell seeding 

density on the gene expression of hMSCs 

in collagen hydrogels. Collagen hydrogels 

were seeded with either 1 x 10
5
 (1) or 3 x 10

5
 

(3) hMSCs/ml gel and cultivated in CDM
-
 or 

CDM
+
 for 28 days. The expression of several 

cartilage-specific genes could already be de-

tected in CDM
-
. However, a marked up-regu-

lation was evaluated upon culture in CDM
+
. 
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ance to a pellet culture, with the formation of a proteoglycan- and collagen type II-rich ECM 

inside the hydrogel, and a more fibrous appearance at the periphery, stained only weakly 

positive for collagen type II (Fig. 24D). 

 
Fig. 23 Alcian blue staining of chondrogenic differentiated hMSC collagen hydrogels with 

different initial cell seeding densities. Collagen hydrogels were seeded with either 1 x 10
5
 (A and B) 

or 3 x 10
5
 hMSCs/ml gel (C and D) and cultivated for 21 days in CDM

+
. In both experiments with the 

lower cell number, distinct areas with positive staining could be detected (A and B), whereas in gels 

with the higher initial cell seeding density in one experiment no staining was observed (C), in contrast 

to the other experiment with an intense positive alcian blue staining (D). Bar = 150 µm. 

 

Fig. 24 Collagen type II immunostaining of chondrogenic differentiated hMSC collagen hydro-

gels with different initial cell seeding densities. Collagen hydrogels were seeded with either 

1 x 10
5
 (A and B) or 3 x 10

5
 hMSCs/ml gel (C and D) and cultivated for 21 days in CDM

+
. The positive 

collagen type II staining was detected in corresponding areas to the alcian blue staining. Bar = 

150 µm. 

Regarding the protein expression detected in histological staining, Tab. 3 summarizes the 

results obtained in all experiments performed with either 1 x 105 or 3 x 105 hMSCs/ml gel. 

Chondrogenic differentiation, indicated by the deposition of a proteoglycan-rich ECM (posi-
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tive alcian blue staining) and cartilage-specific collagen type II, could not be realized in all ex-

periments, neither with the lower nor the higher cell seeding concentration. In approximately 

70% of the experiments a positive alcian blue staining was demonstrated for both cell num-

bers, whereas a higher percentage of hMSC collagen hydrogels initially seeded with 1 x 105 

cells/ml gel revealed the accumulation of collagen type II. 

Tab. 3 Overview of the histological results obtained in all experiments comparing the 

chondrogenic differentiation of hMSC collagen hydrogels with different initial cell 

seeding densities. 

Seeded cell 

number/ml gel 

Number of experiments 

performed 

Number of positive 

alcian blue staining 

Number of positive 

collagen type II staining 

1 x 105 6 (100%) 4 (67%) 4 (67%) 

3 x 105 17 (100%) 12 (71%) 8 (47%) 

Gene expression analyses were also performed at different time points to compare the 

mRNA levels of several cartilage-specific genes (Fig. 25). Supporting the hypothesis of a 

mixed population of progenitor cells at different stages in primary hMSC cultures, at day 0 

the expression of some cartilage-specific genes like Col XI, AGN, BGN, and SOX9, and the 

expression of the bone-specific genes Col I, ALP, OP, and BSP were detectable. In contrast 

to the results presented above (Fig. 22), in this particular experiment only low levels of 

COMP and AGN mRNA, and no Col II mRNA were expressed in CDM-. However, the ex-

pression of all chondrogenic genes was increased in the presence of TGF-β1, more pro-

nounced at day 21. The level of Col X mRNA also continued to increase with time in culture, 

indicating that hMSCs became hypertrophic when undergoing endochondral ossification. The 

development of a stable chondrogenic phenotype was further proved by analyzing the ex-

pression levels of several bone-specific marker genes. As shown in Fig. 25, ALP expression 

was no longer detectable upon cultivation in CDM-, whereas OP and BSP showed more or 

less constant mRNA levels. In CDM+ however, ALP, OP, and BSP were highly up-regulated 

at day 21 of culture. The mRNA level of Col I remained constant during the culture period, 

regardless of the medium, representing the constitutive expression of this gene already in 

undifferentiated, but also in chondrogenic differentiated hMSCs. These results suggest that 

hMSCs were capable of chondrogenic differentiation in collagen hydrogels, but showed addi-

tionally the expression of various osteogenic markers. However, no matrix mineralization was 

observed, indicated by negative alizarin red staining (not shown). The expression of bone-

specific genes was not a result of culturing hMSCs in this particular 3D matrix, as hMSCs 

differentiated in the standard assay for chondrogenesis, in high-density pellet cell culture, 

showed a similar gene expression pattern (not shown). 
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Fig. 25 Time sequence of the gene expression of hMSCs in collagen hydrogels cultivated in 

either CDM
-
 or CDM

+
. Collagen hydrogels were seeded with 3 x 10

5
 hMSCs/ml gel and analyzed after 

10 and 21 days of cultivation. Day 0 represents the gene expression levels of hMSCs at the end of 

primary culture, prior to embedding in collagen hydrogels. All analyzed cartilage-specific genes were 

expressed in CDM
+
 at day 21, but some were also detectable at day 0 and after 21 days cultivation in 

CDM
-
. Notably, also some bone-specific genes are already expressed at day 0 and are up-regulated in 

the presence of TGF-β1. 

Secondly, the influence of different GNS on the chondrogenic differentiation of hMSCs in 

collagen hydrogels was investigated. Fig. 26 shows the gene expression levels of various 

cartilage-specific genes after 28 days of cultivation in CDM+. HMSCs in collagen hydrogels, 

fabricated with different GNS, did express all these specific chondrogenic markers at compa-

rable levels. 

 

Fig. 26 Influence of the GNS composition on the gene 

expression of chondrogenic differentiated hMSC col-

lagen hydrogels. Collagen hydrogels were seeded with 

2 x 10
5
 hMSCs/ml gel and cultivated in CDM

+
 for 28 days. 

1: 2x GNS Ham F1 

2: 2x GNS HG F1 

3: 2x GNS HG F2 

The expression of several cartilage-specific genes was 

similar in all GNS tested. 
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Histological staining of constructs of the same experiment as examined in Fig. 26 did confirm 

the gene expression analyses, except a slight diminished immunohistochemical staining for 

collagen type II in gels fabricated with 2x GNS HG F1. As shown in Fig. 27A-C, alcian blue 

staining revealed the accumulation of sulfated proteoglycans in the ECM of all constructs, 

with a homogeneous ECM structure in gels fabricated with 2x GNS HG F1 (Fig. 27B), whe-

reas the use of 2x GNS Ham F1 or 2x GNS HG F2 resulted in the development of a more 

inhomogeneous, fibrous matrix (Fig. 27A and C, respectively). Immunohistochemical staining 

for collagen type II showed a similar staining pattern (Fig. 27D-F). HMSC hydrogels fabri-

cated with 2x GNS HG F1 revealed only moderate dotted staining, evenly distributed 

throughout the matrix (Fig. 27E), whereas in gels with the other two GNS collagen type II 

was apparent more clearly but not homogeneously (Fig. 27D and F). The unstained areas in 

Fig. 27D and F contained no cells and therefore probably refer to swelled collagen fibers, 

incompletely dissolved by the fabrication of the collagen solution. 

 
Fig. 27 Chondrogenic differentiation of hMSCs in collagen hydrogels fabricated with different 

GNS. Collagen hydrogels were seeded with 2 x 10
5
 hMSCs/ml gel and cultivated in CDM

+
 for 28 days. 

Alcian blue staining revealed a proteoglycan-rich ECM in all constructs (A-C), showing a more homo-

geneous structure in gels fabricated with 2x GNS HG F1 (B). Collagen type II staining was more 

marked by the use of 2x GNS Ham F1 (D) and 2x GNS HG F2 (F), and showed only dotted staining in 

gels with 2x GNS HG F1 (E). Bar = 100 µm. 

In contrast to the results presented in Fig. 27, another experiment with a different lot of 

hMSCs revealed a complete different pattern of histological staining. As shown in Fig. 28, in 

hMSC collagen hydrogels fabricated with 2x GNS Ham F1 or 2x GNS HG F1, almost no 

cartilage-specific matrix accumulation could be detected (Fig. 28A,B,D,E). In a dramatic con-

trast to these staining, the use of 2x GNS HG F2 resulted in a pronounced chondrogenic dif-

ferentiation of hMSCs within the hydrogel, with a intense alcian blue and collagen type II 
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staining throughout the gel, except a small area at the margins of the constructs (Fig. 28C 

and F). As a conclusion of this experiment, the culture medium used for the production of the 

GNS had no influence, whereas the use of a different FBS lot in combination with DMEM 

high glucose had a dramatic influence on the chondrogenic differentiation capacity of hMSCs 

in collagen hydrogels. 

 
Fig. 28 Chondrogenic differentiation of hMSCs in collagen hydrogels fabricated with different 

GNS. Collagen hydrogels were seeded with 3 x 10
5
 hMSCs/ml gel and cultivated in CDM

+
 for 28 days. 

Alcian blue staining revealed the deposition of proteoglycans only in a small area at the margins of the 

gels fabricated with 2x GNS Ham F1 (A) and 2x GNS HG F1 (B), whereas a homogeneous distribution 

of proteoglycans throughout the gel with 2x GNS HG F2 could be detected (C). Collagen type II stain-

ing was absent by the use of 2x GNS Ham F1 (D) and 2x GNS HG F1 (E), but was strongly positive 

for gels fabricated with 2x GNS HG F2 (F). Bar = 100 µm. 

Finally, one experiment was performed using 2x GNS Ham F1 and seeding cell numbers 

ranging from 1 x 105 to 1 x 106 hMSCs/ml into collagen hydrogels. RT-PCR analyses after 

28 days of cultivation in CDM+ revealed for the early chondrocyte-related genes Col XI, 

COMP, AGN, and BGN almost no difference in the mRNA levels, whereas Col II, Col IX, and 

Col X showed a slight increase in gene expression with increasing cell number (Fig. 29). 

Nevertheless, even in collagen hydrogels with an initial cell seeding concentration of 1 x 105 

hMSCs/ml gel all tested chondrogenic marker genes were expressed. 
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Histological analyses revealed a uniform distribution of the cells within the hydrogels and the 

development of a pericellular as well as an intercellular proteoglycan and collagen type II-rich 

extracellular matrix (Fig. 30 and Fig. 31). 

 

Fig. 30 Influence of the initial cell seeding density on the chondrogenic differentiation of 

hMSCs in collagen hydrogels. Collagen hydrogels were seeded with 1 x 10
5
 (A-C), 5 x 10

5
 (D-F), or 

1 x 10
6
 hMSCs/ml gel (G-I) and cultivated for 28 days in CDM

+
. As evidenced by alcian blue staining, 

in all constructs homogeneously distributed cells were embedded in a proteoglycan-rich ECM. Scale 

bars = 150 µm (A,D,G), or 100 µm (B,E,H), or 30 µm (C,F,I). 

Fig. 29 Influence of the initial cell seeding den-

sity on the gene expression of chondrogenic 

differentiated hMSC collagen hydrogels. Colla-

gen hydrogels were seeded with different cell num-

bers and cultivated in CDM
+
 for 28 days. 

1: 1.0 x 10
5
 hMSCs/ml gel 

2: 2.5 x 10
5
 hMSCs/ml gel 

3: 5.0 x 10
5
 hMSCs/ml gel 

4: 7.5 x 10
5
 hMSCs/ml gel 

5: 1.0 x 10
6
 hMSCs/ml gel 

The expression of several cartilage-specific genes 

increased with increasing initial cell seeding density. 
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On the surface of the hydrogels a dense layer of elongated cells was observed, consistent 

with findings from studies of MSCs in the pellet culture system [Mackay et al, 1998]. Interes-

tingly, in the center and at the periphery of the construct areas with a lack of alcian blue and 

collagen type II staining were detected (Fig. 30A,D,G and Fig. 31A,D,G). The absence of 

newly synthesized matrix in the center of the hydrogels could be attributed to an insufficient 

nutrient supply. However, a higher magnification of the positive stained areas displayed a 

majority of cells with a spherical morphology indicative for the chondrogenic phenotype 

(Fig. 30C,F,I, and Fig. 31C,F,I). Although some cells appeared less spherical, they were also 

surrounded by a dense cartilage-specific ECM. 

 

Fig. 31 Influence of the initial cell seeding density on the chondrogenic differentiation of 

hMSCs in collagen hydrogels. Collagen hydrogels were seeded with 1 x 10
5
 (A-C), 5 x 10

5
 (D-F), or 

1 x 10
6
 hMSCs/ml gel (G-I) and cultivated for 28 days in CDM

+
. As evidenced by immunohistochemi-

cal analysis, in all constructs most of the ECM was stained also for cartilage-specific collagen type II. 

Scale bars = 150 µm (A,D,G), or 100 µm (B,E,H), or 30 µm (C,F,I). 

In conclusion, the partly inconsistent results presented above display probably the high donor 

variability influencing the development of a cartilaginous construct. Nevertheless, optimized 

hMSC collagen hydrogels for the bioreactor cultivation were fabricated with 2x GNS HG F2 

and an initial cell seeding concentration of 3 x 105 cells/ml gel. 
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4.3 Mechanical stimulation of hMSC collagen hydrogels 

4.3.1 Cellular behavior of hMSCs in collagen hydrogels during bioreactor cultivation 

Constructs for the bioreactor cultivation were prepared by embedding 3 x 105 hMSCs/ml gel 

into collagen hydrogels, resulting in a total number of 1.8 x 106 hMSCs per gel. HMSC colla-

gen hydrogels were first incubated in CDM- for 10 days under free-swelling conditions. As 

presented already in section 4.2.1, during the cultivation process a distinct contraction of 

hMSC collagen hydrogels occurred dependent on the initial cell seeding concentration and 

the culture medium used. An initial cell concentration of 3 x 105 hMSCs/ml gel was used due 

to the results presented in sections 4.2.2 and 4.2.3. As the culture medium CDM- was chosen 

because of the lowest amount of gel contraction and the highest survival of cells compared to 

SCM and CDM+. TGF-β1, as the most important inducer of chondrogenic differentiation was 

deliberately omitted in the culture medium in order to detect explicitly the effects of mechani-

cal stimulation on hMSCs without the strong influence of a cytokine. In the pre-culture period 

of 10 days, the contraction of hMSC collagen hydrogels was nearly completed. In contrast to 

the marked reduction in gel diameter during the contraction of cell seeded hydrogels, prelimi-

nary experiments showed almost no decrease of the height of hMSC collagen hydrogels over 

a culture period of 14 days. 

Prior to transfer into the bioreactor, hMSC collagen hydrogels revealed a gel diameter of 

66.9 ± 1.6% of their original diameter and a cell number of 1.4 ± 0.3 x 106 per gel (Tab. 4). 

Viability staining clearly showed a majority of viable cells densely populated within the colla-

gen hydrogel (Fig. 32). Some dead cells were also be detected, probably as a result of the 

transport of the constructs to the facility in Leipzig. 

 

A continuous control of the culture environment within the bioreactor system was performed 

during the whole culture period. Online monitoring of the oxygen partial pressure revealed a 

more or less constant pressure of 17%, the normally occurring level at 37°C (Fig. 33). 

Measurements of the pH-value showed slight cyclic variations in the range of 7.35-7.40, 

which is within normal physiology (Fig. 34). 

Fig. 32 Viability of hMSCs in collagen 

hydrogels after 10 days of cultivation in 

free-swelling culture. Live/dead staining 

revealed that almost all cells in the con-

struct were viable (green staining). Only a 

few dead cells (red staining) could be de-

tected. (25x) 
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Fig. 33 Online monitoring of the partial pressure of oxygen. The course of oxygen partial pres-

sure in the bioreactor system beginning at day 7 is shown. Measurements revealed always levels in 

the range of 17%. 

 

Fig. 34 Online monitoring of the pH-value. The course of pH-value in the bioreactor system begin-

ning at day 7 is shown. Measurements revealed always levels in the physiological range of 7.3-7.4. 
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During the culture period, the gel diameter of mechanically stimulated constructs remained 

constant, whereas control cultures maintained under static, free-swelling conditions in 6-well 

cell culture plates showed a continued contraction (Tab. 4). The cell number at the end of 

culture was similar in stimulated and control constructs, revealing a slight increase compared 

to day 10. The live/dead assay provided proof of cell viability, showing living cells throughout 

the collagen hydrogel, in stimulated as well as in control cultures (Fig. 35). Only a few dead 

cells were visible. 

Tab. 4 Summary of gel diameter and cell number of hMSC collagen hydrogels during 

21 days of cultivation. 

 day 0 day 10 control 

at day 21 

load 

at day 21 

gel diameter [%] 100.0 ± 0.0 66.9 ± 1.6 49.5 ± 4.8 68.8 ± 9.6 

cell number [x 106] 1.8 ± 0.0 1.4 ± 0.3 1.5 ± 0.1 1.5 ± 0.3 

 

Fig. 35 Viability of hMSCs in collagen hydrogels after 21 days of cultivation. Viable cells (green 

staining) were present in control (A) as well as in mechanical stimulated constructs (B). Only few dead 

cells (red staining) were detected. (25x) 

At the end of culture at day 21 histological analyses using alcian blue staining and collagen 

type II immunohistochemistry were performed in order to detect any potentially cartilage-

specific matrix deposition. Similar for all analyzed constructs, hMSCs were homogeneously 

distributed throughout the collagen hydrogel. Control cultures maintained under static, free-

swelling conditions in 6-well cell culture plates as well as mechanically stimulated constructs 

cultivated for 11 days in the bioreactor revealed no production of sulfated proteoglycans and 

collagen type II (Fig. 36A,B,D,E). Unfortunately, in all experiments performed almost no 

cartilage-specific protein deposition could be induced by the cultivation of hMSC collagen 

hydrogels in CDM+. As demonstrated in Fig. 36C, alcian blue staining was largely restricted 

to the vicinity of a few cells, and type II collagen expression was hardly ever apparent 

(Fig. 36F). 
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Fig. 36 Histological analysis of control (A and D), mechanically stimulated (B and E) and TGF-

β1-treated hMSC collagen hydrogels (C and F) after 21 days of cultivation. Alcian blue staining 

was negative in control (A) as well as in loaded constructs (B). Deposition of proteoglycans in hMSC 

collagen hydrogels cultivated in CDM
+
 appeared limited to only a view cells (C). Collagen type II stain-

ing was absent in control (D) and loaded construct (E), and was only weakly detected in the vicinity of 

one cell in the TGF-β1-treated hMSC collagen hydrogel (F). Bar = 50 µm. 

4.3.2 Influence of mechanical stimulation on the gene expression of hMSCs in colla-

gen hydrogels 

Although histological analysis revealed no induction of chondrogenesis in mechanically sti-

mulated hMSC collagen hydrogels, RT-PCR analyses of several cartilage- and bone-specific 

genes were performed to evaluate possible regulation on the mRNA level (Fig. 37). As al-

ready shown in Fig. 25, at day 0 the cartilage-specific genes Col XI, AGN, BGN, and SOX9, 

and the bone-specific genes Col I, ALP, OP, and BSP were expressed. Surprisingly, the ex-

pression of AGN disappeared during cultivation in CDM- and was again strongly detected in 

CDM+. Regarding mechanically stimulated hMSC collagen hydrogels, the mRNA levels of 

two analyzed cartilage-specific genes were up-regulated, COMP and BGN. However, both 

genes were more expressed in CDM+, additionally to the other cartilage-specific genes. In 

this particular experiment the expression level of Col IX was only very low. All analyzed 

bone-specific genes were down-regulated upon culture in CDM- and were distinct higher 

expressed in CDM+. In mechanically stimulated constructs, Col I and BSP were slightly up-

regulated, whereas ALP and OP showed lower levels compared to the unloaded control con-

structs. To evaluate whether a degradation process was induced by mechanical stimulation, 

the gene expression levels of some matrix turnover-specific genes were assessed. After 

21 days MMP3 was up-regulated in mechanically stimulated constructs, whereas similar ex-

pression levels of MMP13 and TIMP1 were detected in loaded and unloaded hMSC collagen 
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hydrogels. No induction of inflammation was confirmed by the absence of IL-1β mRNA (not 

shown). 

 

Fig. 37 Influence of mechanical stimulation on the gene expression of hMSCs in collagen 

hydrogels. HMSC collagen hydrogels were analyzed prior to transfer into the bioreactor at day 10 and 

at the end of culture on day 21. Day 0 represents the gene expression levels of hMSCs at the end of 

primary culture, prior to embedding in collagen hydrogels. All analyzed cartilage-specific genes were 

expressed in CDM
+
 at day 21, but some were also detectable at day 0 and day 10. In mechanically sti-

mulated constructs (load) COMP and BGN were up-regulated compared to the unloaded controls 

(ctrl). Bone-specific genes were highly expressed in CDM
+
 and showed only slight differences in the 

expression levels between control and mechanically stimulated constructs at day 21. The matrix-

degrading enzyme MMP3 was up-regulated upon mechanical stimulation whereas MMP13 and TIMP1 

were similar expressed. 
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4.4 Labeling of hMSCs with VSOPs for cellular MR imaging 

4.4.1 Detection of iron oxide particles within VSOP-labeled hMSCs 

Efficient labeling was confirmed after each labeling experiment using iron-specific prussian 

blue staining. The presence of various small iron oxide particles within the cytoplasm of 

VSOP-labeled hMSCs was indicated by distinct blue dots. As demonstrated in Fig. 38A, the 

rate of labeling per cell was variable, with some cells showing more intense staining then 

others. No positive staining could be detected in unlabeled control cells (Fig. 38B). 

 

Fig. 38 Representative prussian blue staining of VSOP-labeled and unlabeled hMSCs. Intracy-

toplasmatic iron particles (blue) were only visible in VSOP-labeled cells (A), whereas unlabeled control 

cells showed no staining (B). Bar = 50 µm. 

Particle incorporation was further demonstrated using fluorescent dye-labeled VSOPs. FITC-

labeled iron oxide particles could be detected within the cytoplasm of the cells (Fig. 39A). 

Transmission electron microscopy of VSOP-labeled hMSCs also confirmed the presence of 

iron oxide particles inside the cells and clearly showed electron-dense clusters of magnetic 

particles exclusively in intracellular membrane-enclosed vesicles (Fig. 39B), indicating an en-

docytotic process of iron uptake. 

 

Fig. 39 Demonstration of iron oxide particles within the cytoplasm of VSOP-labeled hMSCs. 

(A) Fluorescence microscopy image of a single cell, showing green fluorescent VSOPs in the cyto-

plasm and blue nucleus from DAPI staining. Bar = 10 µm. (B) Representative TEM image showing 

accumulation of electron dense particles in endocytotic vesicles inside the cytoplasm. Bar = 0.25 µm. 

Furthermore, to quantify the cellular uptake of iron oxide particles following VSOP labeling, 

ICP-MS was performed. The measurements revealed a significant higher average iron con-
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centration of 4.59 ± 2.01 pg iron per cell in VSOP-labeled hMSCs (Fig. 40). The high stan-

dard deviation refers to relatively large differences in the iron content of labeled hMSCs from 

different donors. In contrast, unlabeled cells exhibited an iron content of 0.22 ± 0.15 pg per 

cell, which corresponds to the sum of the natural intracellular iron content. 

 

4.4.2 Influence of VSOP labeling on the cellular viability and apoptosis of hMSCs 

Cellular viability, determined immediately after labeling with trypan blue, was not influenced 

by the labeling procedure. VSOP-labeled hMSCs exhibited a viability of 96.8 ± 3.3%, unla-

belled control cells a viability of 97.2 ± 3.4% (Fig. 41A). Furthermore, VSOP labeling of 

hMSCs did not result in increased apoptosis compared to unlabeled control cells. The meas-

ured luminescent signal, which is proportional to the amount of caspase activity, showed sim-

ilar levels in both, labeled and unlabeled cultures (Fig. 41B). 

 

Fig. 41 Cellular viability and apoptosis of VSOP-labeled and unlabeled hMSCs. (A) Viability of 

VSOP-labeled and unlabeled hMSCs. Trypan blue exclusion test immediately after labeling showed no 

significant difference (mean ± SD, n = 42). (B) Analysis of apoptosis of VSOP-labeled and unlabeled 

hMSCs 24 h after labeling. No induction of apoptosis in VSOP-labeled hMSCs could be detected com-

pared to unlabeled cells (mean ± SD, n = 5). 

Fig. 40 Iron incorporation per cell 

as determined by ICP-MS. VSOP-

labeled hMSCs exhibited a significant 

higher iron content per cell (mean ± 

SD, n = 8, p < 0.001). 
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The metabolic activity as an indicator of cell viability of VSOP-labeled and unlabeled control 

cells, determined with the WST assay, was evaluated for three different donors. As shown in 

Fig. 42, in one hMSC population no difference could be detected, and in the other two popu-

lations VSOP-labeled hMSCs showed only a slight inhibition of cellular activity. 

 

Fig. 42 Metabolic activity of 3 different hMSC populations after VSOP labeling. The WST assay 

revealed little or no inhibition of cellular activity of VSOP-labeled hMSCs compared to unlabeled con-

trol cells (mean ± SD, n = 10). 

4.4.3 Influence of VSOP labeling on the proliferation capacity of hMSCs 

To evaluate whether VSOP labeling has any adverse effect on cellular proliferation, hMSCs 

from four different donors were examined in proliferation curves in the first passage, imme-

diately after the labeling procedure. In three hMSC populations comparable growth rates of 

VSOP-labeled and unlabeled control cells could be assessed, as shown exemplary in 

Fig. 43A. However, VSOP-labeled hMSCs from one donor were slightly inhibited in their pro-

liferation capacity (Fig. 43B). 

 

Fig. 43 Influence of VSOP labeling on hMSC proliferation in short-term culture. In 3 out of 4 

experiments, the growth rates were not affected by the incorporation of VSOPs (A), whereas in one 

experiment a slight reduction of the cell proliferation rate was assessed (B). Mean ± SD, n = 3. 
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The small differences between the proliferation curves in Fig. 43B were proved by determina-

tion of population doubling times during expansion of the cells over a longer period of time. 

As shown in Fig. 44, in long-term cultivation no loss of proliferative activity was detectable for 

VSOP-labeled cells compared to unlabeled control cells. The population doubling times, as 

determined over 6 passages of cultivation, showed no significant differences. 

 

To determine the persistence of magnetic label upon cell division, the presence of iron in 

VSOP-labeled hMSCs was tracked histologically over several passages in monolayer culture 

(Fig. 45). Prussian blue staining revealed a distinct reduction of VSOP labeling after 5 to 9 

cell divisions, relating to passages 2 to 3. This can be attributed to the splitting of iron oxide 

particles between the daughter cells but may also be a result of the cellular degradation of 

VSOPs. 

 
Fig. 45 Detection of intracellular iron oxide particles during expansion of hMSCs. Prussian 

blue staining clearly shows the presence of iron oxide particles as blue-colored dots in almost every 

cell at passage 1 immediately after VSOP labeling (A), but a distinct reduction of label in passage 2 

(B). In passage 3, only scattered stained cells could be detected (C). Bar = 50 µm. 

  

Fig. 44 Effect of VSOP labeling on the 

proliferation capacity of hMSCs. No 

differences in population doubling times 

were observed over 6 passages of cultiva-

tion (mean ± SD, n = 8). 
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4.4.4 Differentiation of VSOP-labeled hMSCs 

To exclude possible adverse effects of the labeling procedure on the differentiation capacity 

of hMSCs, adipogenic, osteogenic, and chondrogenic differentiation assays were performed 

to prove multilineage differentiation of VSOP-labeled hMSCs. Differentiation into specific li-

neages was monitored with histological staining to detect accumulation of the extracellular 

matrix and by determination of lineage-specific mRNA levels. 

Following adipogenic differentiation, positive oil red O staining at day 28 showed similar fat 

vacuole accumulation in both, VSOP-labeled and unlabeled control cells (Fig. 46A and B). 

Also, the gene expression levels of the adipogenic markers LPL and PPARγ2 in VSOP-

labeled hMSCs and unlabeled cells revealed no differences after appropriate stimulation 

(Fig. 46C). Cells maintained in SCM as a negative control showed no intracytoplasmatic lipid 

vesicle staining (not shown). 

 
Fig. 46 Adipogenic differentiation of VSOP-labeled and unlabeled hMSCs. Oil red O staining 

revealed lipid vacuoles in VSOP-labeled (A) and unlabeled control hMSCs (B) following induction of 

adipogenesis (bar = 100 µm). Analysis of gene expression showed the presence of LPL and PPARγ2 

mRNA (C). Evaluation by densitometry exhibited no difference in the gene expression levels between 

adipogenic induced VSOP-labeled and unlabeled control cells (mean ± SD, n = 3). 
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Osteogenic differentiation led to a strong matrix mineralization in VSOP-labeled as well as in 

unlabeled cultures at day 28, as shown histologically by alizarin red S staining (Fig. 47A and 

B). No positive staining was seen in negative control cells (not shown). Furthermore, VSOP-

labeled and unlabeled cells exposed to osteogenic supplements revealed a similar gene ex-

pression pattern of the bone-specific markers ALP and BSP (Fig. 47C). 

 
Fig. 47 Osteogenic differentiation of VSOP-labeled and unlabeled hMSCs. Alizarin red S stain-

ing showed similar calcium deposition in VSOP-labeled hMSCs (A) and unlabeled control cells (B) 

after induction of osteogenesis (bar = 100 µm). Also, the mRNA expression of ALP and BSP were 

clearly detectable in both cultures (C). Analysis of the intensity of PCR products showed no differ-

ences in the gene expression levels of VSOP-labeled and unlabeled control cells (mean ± SD, n = 3). 

Chondrogenic differentiation in high-density pellet cell cultures over 28 days exhibited cells 

with a rounded chondrocyte-like morphology embedded in a cartilage-specific extracellular 

matrix. Alcian blue staining showed a homogeneous and in most cases similar distribution of 

sulfated proteoglycans in the ECM of both groups (Fig. 48A and B). In two out of six differen-

tiation experiments, however, a slightly more intense staining in the pellets of unlabeled con-

trol cells was detected. This slight difference in staining intensity was also seen in the corres-

ponding immunohistochemical staining for cartilage-specific collagen type II (Fig. 48C and 

D). In contrast, the analysis of the gene expression levels of the chondrogenic markers AGN 

and Col II revealed in all analyzed cultures no difference between VSOP-labeled and unla-

beled hMSCs (Fig. 48E). Control pellet cultures cultivated without TGF-β1 were considerably 

smaller and showed no evidence of chondrogenic matrix accumulation (not shown). 
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Fig. 48 Chondrogenic differentiation of VSOP-labeled and unlabeled hMSCs. Alcian blue stain-

ing revealed a proteoglycan-rich extracellular matrix in labeled (A) and unlabeled control pellets (B). 

Cartilage-specific collagen type II staining was observed in both, VSOP-labeled (C) and unlabeled 

cultures (D). Both staining were more pronounced in the unlabeled control cultures. Expression of 

AGN and Col II mRNA were visible in both, VSOP-labeled and unlabeled pellet cultures (E). No differ-

ence in the gene expression levels of these cartilage-specific genes could be evaluated (mean ± SD, 

n = 3). 

In summary, both VSOP-labeled and unlabeled control cells showed similar gene expression 

patterns and matrix staining after appropriate stimulation. Thus, labeling with VSOPs had no 

influence on the adipogenic, osteogenic, and chondrogenic differentiation capacity of 

hMSCs. 



Results  68 

4.5 MR imaging of VSOP-labeled cells in collagen hydrogels 

To visualize VSOP-labeled hMSCs in collagen hydrogels, high-resolution MR imaging at 

11.7 T was performed. One major drawback in the detection of iron particles with 1H-MRI is 

the similar signal void of iron oxide particles and potentially existing air bubbles. Therefore, to 

exclude false-positive signals, hMSC collagen hydrogels were cultivated for a minimum of 

3 days before MR imaging to allow air bubbles to disappear. 

4.5.1 Detection limit of MRI 

In a first experiment, different concentrations of VSOP-labeled hMSCs were embedded in 

collagen hydrogels, cultivated for 5 days and imaged subsequently (Fig. 49). The presence 

of iron oxide particles was indicated by distinct hypointense spots in the MR images. In con-

trast, control collagen hydrogels with unlabeled cells were undistinguishable from the me-

dium background and showed no iron specific loss of signal intensity. Isolated dark spots in 

these control gels and on their surface were attributed to the presence of some remaining air 

bubbles. 

 

Fig. 49 MR imaging of hMSC collagen hydrogels. VSOP-labeled cells were detected by the typi-

cal signal decrease due to iron particles, present as dark spots. Control collagen hydrogels with unla-

beled cells showed a homogeneous appearance without hypointense spots. 3D FLASH experiment, 

nominal spatial resolution: 78 x 78 x 208 µm
3
, TE = 20 ms, TR = 250 ms. 

To confirm the MR data, histological analysis of the imaged hMSC collagen hydrogels was 

performed. As presented in Fig. 50, hMSCs were homogeneously distributed throughout the 

constructs. Prussian blue staining demonstrated the presence of iron oxide particles within 

VSOP-labeled hMSCs, whereas no positive staining could be detected in control collagen 

hydrogels. 
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Fig. 50 Histological analysis of imaged hMSC collagen hydrogels. Prussian blue staining of 

hMSC collagen hydrogels with 1 x 10
5
 cells/ml gel confirmed iron containing single cells, homoge-

neously distributed in the construct (A). The inset in (A) shows a higher magnification (bar = 20 µm) of 

a single cell containing blue stained iron particles. Control collagen hydrogels with unlabeled cells 

showed no positive staining (B). Bar = 100 µm. 

As already demonstrated in Fig. 49, collagen hydrogels with 5 x 104 hMSCs/ml gel were 

clearly detectable in the MR images. To assess an in vitro MR detection limit for VSOP-

labeled hMSCs in collagen hydrogels at 11.7 T, constructs with lower cell numbers of VSOP-

labeled hMSCs were fabricated and cultured for 7 days in SCM before imaging. In order to 

make sure that almost no reduction of VSOP labeling due to cell proliferation occurs, all con-

structs were seeded with the equal total cell number, but differing in the fraction of labeled 

hMSCs. Preliminary experiments have shown that with an initial cell seeding density of 

1 x 105 hMSCs/ml gel the cell number within collagen hydrogels remained nearly constant 

over a culture period of 7 days (Fig. 51). After the already in section 4.2.2 described decline 

in cell number at day 2 a slight proliferation of hMSCs with a maximum of one cell doubling 

could be observed. Resulting from the proliferation studies presented in section 4.4.3 compa-

rable growth rates of VSOP-labeled and unlabeled hMSCs were assumed. Additionally, a 

distinct reduction of VSOP labeling appeared not till the 5th cell division (see section 4.4.3). 

 

Fig. 51 Cell proliferation of hMSCs in collagen hydrogels seeded with 1 x 10
5
 cells/ml gel and 

cultivated in SCM. After 7 days in culture, the cell number revealed no difference compared to the 

initially seeded cell concentration (mean ± SD, n = 3). The high SD refers to relatively large differences 

between different donors. 
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Fig. 52 demonstrates an examplary MR image containing three constructs with different con-

centrations of VSOP-labeled hMSCs and one control construct with only unlabeled cells. 

With the applied MR parameters a detection limit of 5 x 103 VSOP-labeled hMSCs/ml gel 

could be ascertained. 

 

4.5.2 Long-term MRI of VSOP-labeled hMSC collagen hydrogels 

In order to examine the stability of VSOP labeling in hMSC collagen hydrogels, a long-term 

study was performed. After embedding 5 x 104 magnetically labeled hMSCs in collagen hy-

drogels and cultivation in SCM, where no proliferation takes place, Fig. 53 implicates that the 

cells could be detected with a MR spectrometer over 21 weeks. After 4 and 10 weeks a com-

parable distribution of dark spots in the VSOP-labeled constructs were observed in the MR 

images (Fig. 53A and B). However, with time in culture, a distinct reduction of these hypoin-

tense spots could be seen (Fig. 53C). Due to appropriate MR parameters and adjustment of 

the image contrast, controls with unlabeled cells were also visible in these MR images, but 

didn’t exhibit the typical signal intensity decrease conditioned by VSOP. 

 

Fig. 53 Long-term detection of VSOP-labeled hMSC collagen hydrogels. MR images were ac-

quired 4 (A), 10 (B), and 21 weeks (C) after fabrication of VSOP-labeled and control hMSC collagen 

hydrogels. The arrowheads point at signal intensity decreases probably due to the existence of VSOP-

labeled hMSCs. 3D FLASH experiment, isotropic spatial resolution of 78 µm, TE = 10 ms, TR = 50 ms. 

Fig. 52 Detection limit of VSOP-labeled hMSC 

collagen hydrogels at 11.7 T. With decreasing 

concentrations of VSOP-labeled hMSCs less hy-

pointense spots were detected in the MR image. 

Collagen hydrogels with 5 x 10
3
 hMSCs/ml gel 

were barely distinguishable from control gels with 

unlabeled cells. 3D FLASH experiment, nominal 

spatial resolution: 59 x 78 x 208 µm
3
, TE = 25 ms, 

TR = 50 ms. 
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To verify whether the detected dark spots in the MR images (Fig. 53) really refers to VSOP-

labeled hMSCs, histological analyses of imaged hMSC collagen hydrogels were performed. 

At 4 and 10 weeks the MR data could be confirmed by the use of prussian blue staining, 

showing iron containing cells (Fig. 54A and B). After 4 weeks of culture, both, VSOP-labeled 

and unlabeled hMSCs were homogeneously distributed within the collagen hydrogels. After 

10 weeks, however, in contrast to the MR findings, a distinct reduction in cell density was 

observed for both groups. The decrease in cell number became even more apparent at 

21 weeks, where only a few unstained cells were seen at the margins of the construct, but 

surprisingly large positive stained areas in the center of the gel, referring probably to iron 

oxide particles deposited in the collagen matrix (Fig. 54C). The cell densities in the control 

constructs were comparable at each time point (Fig. 54D-F). The positive stained acellular 

areas at week 21 were related to the detected MR signals. One can speculate that the iron 

oxide particles were left in the collagen hydrogel as the cells died. Therefore it was investi-

gated whether discrimination between living and dead cells in the MR images would be poss-

ible. 

 

Fig. 54 Prussian blue staining of hMSC collagen hydrogels in long-term culture. Confirming 

the MR data, after 4 and 10 weeks iron containing cells within collagen hydrogels could be detected (A 

and B, respectively), whereas controls showed no positive staining (D and E). After 21 weeks large 

positive stained areas were detected, but almost no cells (C). The decrease in cell number was also 

observed in the control constructs (F). Bar = 100 µm, inset bar = 20 µm. 

4.5.3 Discrimination of living and dead VSOP-labeled hMSCs in collagen hydrogels 

In order to analyze the degree of VSOP labeling after cell death, images of collagen hydro-

gels with dead magnetically labeled hMSCs were acquired at different time points. To induce 

cell death in VSOP-labeled hMSCs, cells were subjected to repeated cycles of shock freez-

ing in liquid nitrogen and thawing at 37°C before embedding them in collagen hydrogels. Un-
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labeled controls were treated similarly. HMSC collagen hydrogels with a total cell number of 

1 x 105 cells/ml gel were fabricated, containing 1 x 104 VSOP-labeled hMSCs. 

MR imaging was first performed after 3 days of cultivation. As shown in Fig. 55A no differ-

ences between constructs with dead and living VSOP-labeled hMSCs could be assessed. At 

day 34, these constructs were again imaged. At this time, constructs with dead cells could be 

discriminated from those with living cells due to reduced hypointense spots in collagen hy-

drogels with embedded dead magnetically labeled hMSCs, compared to the living controls 

(Fig. 55B). 

 

Fig. 55 MR imaging of collagen hydrogels with dead VSOP-labeled hMSCs. MR images were 

acquired at day 3 (A) and day 34 (B) after fabrication of VSOP-labeled and control hMSC collagen 

hydrogels. At day 3 a similar distribution of hypointense spots was visible (A). However, after 34 days 

of cultivation, constructs with dead VSOP-labeled cells revealed less dark spots compared to con-

structs with living cells (B). 3D FLASH experiment, isotropic spatial resolution of 78 µm, TE = 20 ms, 

TR = 50 ms. 
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5 Discussion 

Mesenchymal stem cells were selected as a cell source for tissue engineering of cartilagin-

ous constructs based on their documented potential for expansion in culture and chondro-

genic differentiation [Mackay et al., 1998; Pittenger et al.,1999]. The cells used in the present 

study were isolated from the femoral head of patients undergoing total hip arthroplasty and 

not from marrow aspirates from the iliac crest, the more common source of hMSCs. The iso-

lated cells were routinely characterized by the expression of CD44, CD90, and CD105, and 

the lack of expression of markers for cells that are of hematopoietic origin, CD14, CD34, and 

CD45. This surface antigen expression profile, defined by positive and negative phenotype 

staining, is documented for non-hematopoietic bone marrow progenitor cells derived from 

marrow aspirates as well, even though no unique antibody profile for mesenchymal progeni-

tor or stem cell exists [Conget and Minguell, 1999; Tuan et al., 2003; Barry and Murphy, 

2004]. Furthermore, the ability of hMSCs to undergo selective differentiation was docu-

mented by adipogenic, osteogenic and chondrogenic differentiation in the appropriate culture 

media, shown in the unlabeled control cultures of the VSOP labeling studies. The presence 

of pluripotential mesenchymal progenitors in the bone marrow recovered from the femoral 

head was also confirmed by Suva et al. [2004], demonstrating similar characteristics of these 

cells compared to hMSCs derived from the bone marrow of the iliac crest in respect of phe-

notype, growth kinetics and multilineage differentiation potential. In all experiments per-

formed, hMSCs were used in primary or first culture because of their documented progres-

sion in senescence and related sequential loss of the proliferation and differentiation capacity 

with increased culture time [Banfi et al., 2000; Muraglia et al., 2000; Stenderup et al., 2003]. 

5.1 Cellular behavior of hMSCs in collagen hydrogels 

The extracellular matrix and interactions of hMSCs with their microenvironment play an im-

portant role in the differentiation of cartilage and bone [Sandell et al., 1994; DeLise et al., 

2000]. Early in the differentiation process rapid changes in the ECM composition appear and 

may therefore promote this process, whereas those ECM components which are present in 

the differentiated tissue have a predominantly structural role. In this study, hMSCs were em-

bedded in a collagen type I hydrogel prior to induction of chondrogenic differentiation. This 

biomaterial may be well suited as a delivery vehicle for hMSCs, taken into accounts that at 

the initial stage of chondrogenesis, prior to pre-cartilage condensation, collagen type I is pre-

valent in the embryonic mesenchyme [DeLise et al., 2000]. In rabbit full-thickness articular 

cartilage repair, the implantation of an acellular collagen type I hydrogel was shown to en-

hance initial cell recruitment and proliferation of MSCs [Kubo et al., 2007]. However, the ap-

plication of the matrix alone did not result in a complete repair of the cartilage since no im-
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provement of the histological grading score after the eighth postoperative week was ob-

served. These findings suggest that the addition of cells and/or growth factors may be re-

quired to improve considerably the quality of the repair tissue. The use of a hydrogel permits 

a homogeneous cell distribution in a three-dimensional surrounding and a round cell shape, 

both important inducers of chondrogenic differentiation [Daniels and Solursh, 1991; Caplan 

et al., 1997]. 

5.1.1 Contraction of hMSC collagen hydrogels 

However, important limitations for the use of cell-seeded collagen matrices for tissue engi-

neering applications are the poor mechanical strength and the contraction of the matrices by 

the cells seeded within. Many different cell types, including chondrocytes, fibroblasts and 

MSCs, contract collagen matrices accompanied by an expulsion of water. The rate and ex-

tent of this contraction depends on the initial cell seeding density, cell proliferation within the 

gel, serum and collagen concentration, and the culture conditions [Bell et al., 1979; Zhu et 

al., 2000; Kinner and Spector, 2001; Redden and Doolin, 2003; Yokoyama et al., 2005]. The 

typical time course of contraction, with most contraction occurring during the first days of cul-

ture, was also observed in other studies [Kinner et al., 2002; Lewus and Nauman, 2005]. 

During the early culture period, hMSCs proliferated within gels cultivated in SCM or CDM-, 

suggesting a correlation between cell proliferation and gel contraction. In contrast, after one 

week of culture, the cell number remained nearly constant or gradually decreased, accompa-

nied by a reduced contraction. This course of gel contraction was intensified with increasing 

cell seeding concentrations. Also, the presence of FBS in SCM led to a more pronounced 

contraction compared with the defined, serum-free CDM-. Especially the addition of TGF-β 

further increases the contractility normally observed in the presence of serum, as also pre-

sented by others for fibroblast-populated collagen gels [Montesano and Orci, 1988; Kobaya-

shi et al., 2005]. The contraction of collagen matrices by MSCs is based on cell-generated 

forces and associated with an increased expression of α-smooth muscle actin [Kinner et al., 

2002]. Gel contraction could be beneficial for the production of cartilaginous constructs using 

MSCs because it has the potential to dramatically increase the effective cell concentration. 

However, it may also limit nutrient diffusion through the matrix and induce apoptosis [Fluck et 

al., 1998; Kobayashi et al., 2005]. The occurrence of apoptosis was confirmed by the cell 

proliferation studies, which demonstrated a decline in cell number in hMSC collagen hydro-

gels cultivated in SCM or CDM+. However, apoptosis of hMSCs undergoing chondrogenesis 

in vitro in pellet culture was previously shown by Sekiya et al. [2002], similar to the in vivo 

observed apoptotic cell death in endochondral ossification during embryonic growth plate 

development [Kirsch et al., 1997]. Therefore, both gel contraction and chondrogenic differen-

tiation could have contributed to the decrease in cell content. 
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The creation of more functional engineered tissues which preserve their shape after trans-

plantation into cartilage defects in vivo is a condition precedent to prevent loss of implant-

host tissue contact. Therefore, a strict control of the amount of contraction of hMSC collagen 

hydrogels is necessary before a potential clinical application. One possibility to decrease the 

marked contraction of a collagen hydrogel is the addition of short collagen fibers or the com-

bination with a porous collagen sponge. But such a composite scaffold still exhibited a consi-

derable cell-mediated contraction [Moriyama et al., 2001; Gentleman et al., 2004]. To further 

enhance the mechanical stiffness, chemical crosslinking may stabilize a collagen-based scaf-

fold physically and metabolically, but possibly compromises the in vivo biocompatibility [Wal-

lace and Rosenblatt, 2003]. Also, glycosaminoglycans, besides collagen a major component 

of hyaline cartilage, are of particular interest because of their ability to maintain hydration and 

give cartilage its characteristic property to withstand compressive load. The addition of cross-

linked hyaluronan derivatives improved the structural mechanics of collagen hydrogels [Meh-

ra et al., 2006], leading to a biomaterial, which resembles more the natural extracellular ma-

trix of articular cartilage. Additionally, Varghese et al. [2007] could show in their study that the 

incorporation of chondroitin sulfate in a synthetic hydrogel provides a microenvironment that 

enhances the aggregation of MSCs and up-regulates cartilage-specific genes, similar to pre-

cartilage condensation during limb development. Therefore, the addition of glycosaminogly-

cans might be crucial in the development of a biomaterial for cartilaginous tissue engineer-

ing. 

5.1.2 Cellular survival in hMSC collagen hydrogels 

An important objective of this study was to evaluate the behavior of hMSCs in collagen hy-

drogels under different culture conditions, performing cell proliferation studies and histologi-

cal analyses. Surprisingly, under conditions favoring cell expansion in monolayer culture, by 

the use of SCM containing 10% FBS, a short proliferation period was observed up to approx-

imately 3 x 105 hMSCs/ml gel at day 7. Thereafter, a gradual decrease in cell number was 

detected. This decline in cell number could be attributed to both cell apoptosis in contracting 

gels and migration of cells out of the matrix, confirmed by the partial presence of adherent 

cells attached to the bottom of the cell culture plates. In contrast, in the defined, serum-free 

medium CDM- the cell number reached a higher level at day 7 of approximately 4 x 105 

hMSCs/ml gel and remained nearly constant thereafter (Fig. 13). These results correlate with 

the histology, where fewer cells were found in SCM compared to CDM-. An inhibition of cellu-

lar proliferation of MSCs in various collagen scaffolds was also reported in other studies 

[Meinel et al., 2004; Jäger et al., 2005; Lewus and Nauman, 2005]. The authors referred this 

to the limitation of nutrients, especially for non-differentiated MSCs, which are in vivo in close 

vicinity to vasculature with a high nutrient and oxygen supply. The influence of cell type on 
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the cell survival in tissue-engineered constructs was previously investigated by Emans et al. 

[2006] who demonstrated that chondrocytes survived to a higher degree following the trans-

fer into an osteochondral defect compared to undifferentiated periosteum-derived progenitor 

cells. A higher viability of differentiated cells upon transplantation compared to undifferen-

tiated cells was recently also shown by Ball et al. [2004]. These results suggest that the 

higher cell concentration in CDM- in this study could be attributed to the beginning of the dif-

ferentiation process of hMSCs under these conditions. This was confirmed by gene expres-

sion analyses, demonstrating Col II expression in hMSC collagen hydrogels cultivated in 

CDM- (Fig. 22). The stop of proliferation in CDM- could be further referred to the achievement 

of a distinct concentration threshold of cytokines, which are secreted by the cells in order to 

control the extent of cell division. 

Surprisingly, increasing the initial cell seeding concentration didn’t result in a higher cell den-

sity in hMSC collagen hydrogels cultivated in SCM at the end of culture. It is important to 

note that after one day of culture in almost every experiment a similar cell concentration was 

determined independent from the initial cell seeding number or the culture medium used. 

Thereafter, gels with the higher initial cell seeding density revealed considerable lower cell 

numbers suggesting a negative impact of the higher percentage of dead cells on the remain-

ing viable cells. In contrast, Yoneno et al. [2005] reported a gradual increase in cell number 

in hMSC collagen hydrogels seeded with 5 x 105 cells/ml gel. Maybe this slight proliferation is 

related to the lower collagen concentration of these gels, possessing 0.6 mg/ml compared to 

3 mg/ml in this study. Furthermore, the fabrication processes of the collagen type I stock so-

lutions might differ as they are derived from different sources, resulting possibly in collagen 

hydrogels with different pore characteristics. These results suggest that a distinct op-

timal/maximal cell density was adjusted in hMSC collagen hydrogels dependent on the colla-

gen matrix and the culture conditions and probably regulated by the release of specific cyto-

kines. 

To achieve a higher cell concentration within collagen hydrogels, possibly conducive for the 

chondrogenic differentiation of hMSCs, the composition of the gel neutralization solution was 

varied. The results showed that a marginally higher glucose concentration in the culture me-

dium had no influence on cellular behavior. However, the use of a different lot of FBS re-

sulted in a distinct higher cell concentration within collagen hydrogels, as evaluated in cell 

proliferation studies and histologically. The composition of serum is generally poorly defined, 

with a considerable degree of interbatch variations in e.g. growth factors and cytokines, even 

when obtained from the same manufacturer. Because of such lot-to-lot differences in various 

components the lot of FBS selected is already well-known as an important determinant of a 

rapid monolayer expansion of MSCs [Caplan, 2005]. Furthermore, also the differentiation 

ability of hMSCs might be influenced. 
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5.2 Chondrogenic differentiation of hMSCs in collagen hydrogels 

5.2.1 Detection of cartilage- and bone-specific gene expression 

Chondrogenesis is usually assessed demonstrating the gene expression of cartilage-specific 

markers, including AGN and Col II, and typically Col X as a marker of late stage chondrocyte 

hypertrophy. The time sequence of chondrogenic marker expression was analyzed by sev-

eral authors, demonstrating somewhat different time points of up-regulation [Barry et al., 

2001; Sekiya et al., 2002]. In contrast to most studies published, the expression of some car-

tilage-specific genes was weakly detected in undifferentiated hMSCs at the end of primary 

culture in this study. The constitutive expression of AGN was recently also presented by oth-

ers, leading to the conclusion, that AGN message may not always be a good marker of chon-

drogenesis [Yokoyama et al., 2005; Mwale et al., 2006]. But one has to discriminate between 

the presence of mRNA and the translation into the protein, as posttranscriptional regulation 

may be an important mechanism of cartilage matrix synthesis [McAlinden et al., 2004]. Colla-

gen type II, however, the predominant collagen in hyaline cartilage, is considered to be the 

most important and sensitive marker of chondrogenesis. However, an expression of this 

cartilage-specific marker was already observed in hMSC collagen hydrogels cultivated in 

CDM-, albeit not in every experiment performed. This surprising result has, to the best of my 

knowledge, never been reported in the literature. The expression of this cartilage-specific 

marker in CDM- could be due to dexamethasone, which was part of this culture medium. 

Dexamethasone, a synthetic glucocorticoid, is not a specific chondrogenic differentiation fac-

tor, but was previously shown to facilitate chondrogenesis in a subset of rabbit marrow cell 

preparations [Johnstone et al., 1998]. This implies that dexamethasone may be a fundamen-

tal factor that triggers cartilage-specific gene expression in committed progenitor cells with 

chondrogenic capacity, which are present in the heterogeneous population of marrow-

derived cultures. The addition of TGF-β1 in CDM+ had a synergistic effect and further en-

hanced the process of chondrogenic differentiation and cartilage-specific matrix synthesis, 

with a distinct higher expression of Col II mRNA and the exclusive detection of the collagen 

type II protein immunohistochemically. COMP and Col IX are another two cartilage-specific 

markers, which have been previously shown as more sensitive for the differentiation state of 

articular primary chondrocytes after expansion in monolayer culture [Zaucke et al., 2001]. In 

the present study, however, COMP was partly expressed in CDM-, but the mRNA of Col IX 

was exclusively detected in chondrogenic differentiated hMSC collagen hydrogels after 

21 days of cultivation. 

Regarding Col X, an increasing number of studies have shown the mRNA expression of this 

marker already in undifferentiated hMSCs, but the synthesis of the protein in a proceeded 

stage of chondrogenesis following collagen type II secretion [Barry et al., 2001; Mwale et al., 
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2006]. However, collagen type X, predominantly only associated with hypertrophic cartilage, 

has now been reported as a minor component of normal articular cartilage [Rucklidge et al., 

1996]. The detection of Col X mRNA in chondrogenic differentiated hMSC collagen hydro-

gels demonstrates that these cells had a genotype of terminally differentiated hypertrophic 

chondrocytes. Increased amounts of collagen type X are also an indicator of osteogenic dif-

ferentiation or osteoarthritic tissue [Kuettner, 1992]. In the present study, only the mRNA of 

Col X was proved. Whether the protein was also synthesized could have been checked by 

immunohistochemical analysis. But unfortunately no specific collagen type X antibody with 

no cross-reaction to collagen type I is commercially available. 

The gene expression of Col I was not surprising referring to previous studies showing its per-

sistent expression in chondrogenic differentiated MSCs [Barry et al., 2001; Mauck et al., 

2006; Mwale et al., 2006]. A sequential synthesis of the collagen types I, II, and X by the 

same cells in pellet culture with a decrease of collagen type I and an increase of collagen 

types II and X with time is well known [Barry et al., 2001; Ichinose et al., 2005]. The presence 

of Col I mRNA may further be attributed to flattened cells of fibroblastic morphology at the 

surfaces of the constructs. This ubiquitous Col I gene expression complicates the interpreta-

tion of the development of a stable chondrogenic phenotype, since collagen type I is also a 

marker for dedifferentiated chondrocytes [Ochi et al., 2002]. Furthermore, collagen type I is a 

component of the fibrocartilaginous tissue that is usually generated by bone marrow cells 

recruited by penetrating subchondral bone [Newman, 1998]. Because this reparative fibro-

cartilaginous tissue was found to be functionally inferior to articular cartilage and degene-

rates over time, the efficiency of chondrogenic differentiation of hMSCs for clinical application 

has to be accurately investigated [Shapiro et al., 1993; Buckwalter, 2002]. 

In addition to cartilage-specific gene expression, several bone-specific marker genes were 

analyzed. The detection of specific osteogenic markers in monolayer primary hMSC culture 

was also reported by others, showing the presence of a significant level of osteogenic com-

mitment in undifferentiated cells [Banfi et al., 2002]. During cultivation of hMSCs in collagen 

hydrogels in CDM-, different osteogenic gene expression pattern could be observed. The 

mRNA levels of ALP and BSP decreased, whereas OP was down-regulated at day 10 and 

then again up-regulated at the end of culture. In contrast, when undergoing chondrogenesis 

within the collagen hydrogel, higher osteogenic gene expression levels, including ALP, were 

detected compared to constructs cultivated in CDM-. This rise in the alkaline phosphatase 

activity is consistent with the differentiation of these cells into hypertrophic chondrocytes 

[Johnstone et al., 1998]. Up to now it is not fully understood what factors control the differen-

tiation of articular cartilage chondrocytes that do not differentiate into hypertrophic chondro-

cytes with subsequent bone formation. Varghese et al. [2007] could show in their study, that 

the incorporation of the cartilage-specific ECM component chondroitin sulfate into a synthetic 
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hydrogel resulted in a down-regulation of Col X and cbfa1 gene expression, indicating an 

important role of ECM components to inhibit further differentiation of MSCs into hypertrophic 

chondrocytes. Defining the control of hMSC differentiation to articular cartilage chondrocytes, 

as different from that for chondrocyte differentiation in endochondral bone formation may be 

critical for the successful regeneration of articular cartilage [Johnstone and Yoo, 1999]. 

5.2.2 Different patterns of matrix accumulation within chondrogenic differentiated 

hMSC collagen hydrogels 

An important aim of this study was further the optimization of the preconditions to improve 

the chondrogenic differentiation of hMSCs and cartilage-specific matrix deposition in the col-

lagen hydrogels. As matrix accumulation in constructs is dependent on the rate of protein 

production per cell and on the cell density, one could conclude that increasing cell density 

should increase the rate of matrix deposition. This was indeed observed for chondrocytes 

embedded in collagen hydrogels [Iwasa et al., 2003]. Examining the influence of different 

initial cell seeding densities on the chondrogenesis in hMSC collagen hydrogels, previous 

studies demonstrated proteoglycan deposition and Col II and X gene expression only in con-

structs seeded with cell numbers higher than 5 x 106 hMSCs/ml gel [Yokoyama et al., 2005; 

Yoneno et al., 2005]. Surprisingly, and in a marked contrast to the results presented here, 

the study by Yokoyama et al. [2005] showed histologically almost no cells in constructs fabri-

cated with 1 x 106 hMSCs/ml gel. In the present study, however, cartilage-specific gene ex-

pression and matrix synthesis was already observed seeding 1 x 105 hMSCs/ml gel. With in-

creasing cell number a slight increase in the gene expression levels of Col II, IX, and X was 

observed. Similarly, hMSC-seeded agarose constructs of higher initial cell seeding density 

exhibited more expression of the Col II gene [Huang et al., 2004b]. Since cellular contact and 

gap junction-mediated intercellular coupling play an integral role in mesenchymal condensa-

tion during the initial stages of chondrogenesis, the initial cell density has to be high enough 

to promote these two important issues of chondrogenic differentiation [Tacchetti et al., 1992; 

DeLise et al., 2000]. In contrast, very high cell concentrations at the beginning of culture 

might cause uncontrollable collagen hydrogel contraction and apoptosis in the center of the 

constructs. In the present work, based on the proliferation studies and the sometimes occur-

ring gene expression of Col II already in CDM- an optimal initial cell seeding concentration of 

3 x 105 hMSCs/ml gel was defined. 

In fact, it has been previously shown that the protein production per cell decreased with in-

creasing cell density in chondrocyte-seeded alginate beads, possibly relying on a corres-

ponding fall in the concentration of nutrients such as oxygen and glucose [Kobayashi et al., 

2008]. As shown exemplary in Fig. 30 and Fig. 31, in some cases a proteoglycan- and colla-

gen type II-rich peripheral zone was formed around an undifferentiated central zone. This 
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refers possibly to poor penetration of the medium components into the center of the con-

struct, as nutrients were only supplied by diffusion to the cells. A decrease in diffusivity in 

hMSC-seeded constructs with increased culture time was previously shown by Leddy et al. 

[2004] referring both to new matrix synthesis and scaffold contraction. Actually in the present 

study, almost no differences in the distribution of proteoglycans and collagen type II in hMSC 

collagen hydrogels seeded with different initial cell seeding concentrations were ascertained. 

Additionally, it was noticed, that the cell density in constructs seeded initially with 1 x 105 

hMSCs/ml gel seemed to be similar to constructs seeded with 1 x 106 hMSCs/ml gel after 

21 days of cultivation. That final construct cellularity is relatively independent of cell seeding 

number was also shown by Vunjak-Novakovic et al. [1998] for chondrocyte-seeded PGA 

scaffolds. These results support the hypothesis that nutritional limits in the center of 3D con-

structs dictate the final cell density, and slow their metabolism and matrix production [Ko-

bayashi et al., 2008]. Actually, a gradient of oxygen and other nutrients was demonstrated 

between the surface and the center of tissue-engineered constructs as well as articular carti-

lage, dependent not only on the tissue properties and geometries, but also on the cell density 

[Malda et al., 2004; Zhou et al., 2004]. Diffusional limitations in oxygen supply or low oxygen 

tension in the medium, resulting in an anaerobic environment in the center of a construct, 

can markedly suppress the in vitro chondrogenesis in both natural and engineered cartilage 

[Obradovic et al., 1999]. Moreover, some studies reported even apoptosis and cell death in 

the center of tissue-engineered constructs [Horner and Urban, 2001; Kobayashi et al, 2008]. 

In the present study, however, the nutrient supply in hMSC collagen hydrogels was sufficient 

to maintain cell viability, but may not be adequate to support matrix production. Numerous at-

tempts have been undertaken to increase the protein production rate per cell, predominantly 

in chondrocyte-seeded constructs. Culture conditions such as stirring and perfusion are able 

to improve transport of oxygen and nutrients and removal of waste products at least initial in 

culture until accumulation of matrix proteins occurs accompanied by a decrease in the hy-

draulic permeability of the constructs [Vunjak-Novakovic et al., 1999; Pazzano et al., 2000; 

Davisson et al., 2002]. In the present work, perfusion was applied during mechanical loading 

studies to assure sufficient oxygen and nutrient supply. 

Another phenomenon, the lack of cartilage-specific protein accumulation in a small area at 

the surface of the constructs was not related to nutrient limitation, but rather to a failure of dif-

ferentiation of hMSCs which retained their flattened morphology (Fig. 28C and F). This dense 

superficial layer of cells was previously described for pellet cultures and chondrogenic diffe-

rentiated hMSC collagen constructs as well [Mackay et al., 1998; Ponticiello et al., 2000; 

Nöth et al., 2007]. In contrast, some hMSC collagen hydrogels showed large cell masses on 

the periphery upon culture in CDM+, which were mostly stained positive for alcian blue, but 

rarely and weakly for collagen type II (Fig. 23, Fig. 24, and Fig. 28A and B). A similar pheno-
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menon and the occurrence of chondrocyte clusters in agarose hydrogels was previously ob-

served by Mauck et al. [2003]. They referred this change in local cell density to the mitotic 

effect of TGF-β1. Additionally to this non-homogeneous matrix accumulation within individual 

constructs, large variations in the amount cartilage-specific matrix deposition in constructs 

from different donors were assessed. 

5.2.3 Variations in the chondrogenic differentiation capacity of hMSC collagen 

hydrogels 

Summarizing the histological results of numerous experiments performed (Fig. 23, Fig. 24, 

and Tab. 3), large variations in the differentiation capacity of hMSCs, becoming apparent in 

different amounts of cartilage-specific matrix deposition, were observed. This was not re-

ferred to the collagen hydrogel culture system, because in high density pellet cultures per-

formed as a positive control using hMSCs from the same donor similar minor or pronounced 

matrix staining was assessed. These variations in chondrogenic differentiation could be due 

to several reasons. HMSCs in this work were predominantly obtained from elderly donors 

(> 60 years). Although a decreased proliferation potential and accelerated senescence were 

reported for cells of elderly individuals, donor age did not influence the differentiation poten-

tial of these cells [Justesen et al., 2002; Murphy et al., 2002; Stenderup et al., 2003]. Another 

impact on the differentiation ability of hMSCs might have been the result from the disease 

status of the donor. HMSCs in this work were isolated from the femoral head of patients un-

dergoing total hip arthroplasty. Therefore, an osteoarthritic degradative affection cannot be 

excluded. However, the activity of hMSCs from OA patients is controversially described in 

the literature. A study by Murphy et al. [2002] demonstrated a reduced chondrogenic activity 

of hMSCs, whereas Kafienah et al. [2007] reported no differences in the biochemical compo-

sition of tissue-engineered cartilage constructs from OA hMSCs and bovine nasal chondro-

cytes. The sometimes occurring minor differentiation capacity of hMSCs in this study could 

indeed be referred to a inferior donor pool, but one has to keep in mind that the cells are de-

rived from those patients who should be treated in the future with such stem cell therapies. 

Furthermore, a number of studies using hMSCs from healthy donors have shown a high de-

gree of donor-to-donor variability in the growth properties and differentiation potential, which 

do not correlate with donor age, gender, or ethnic background [Phinney et al., 1999; Huang 

et al., 2005]. This again points to the heterogeneity of hMSC populations presenting cells at 

various stages of differentiation [Pittenger et al., 1999]. By demonstrating differences in both 

growth rate and osteoprogenitor quantity even in hMSC cultures established from multiple 

aspirates from the same donor, Phinney et al. [1999] concluded that cellular heterogeneity 

produced by the method of harvest is propagated within and among different donor popula-

tions during in vitro culture. Recent efforts to develop more efficient and reproducible hMSC 



Discussion  82 

isolation procedures used separation protocols based on the expression of cell surface anti-

gens, e.g. Stro-1 and CD105 [Majumdar et al., 2000; Dennis et al., 2002], optimization of 

culture conditions to resemble the in vivo microenvironment, e.g. low oxygen and ECM sub-

strata [D’Ippolito et al., 2004; Mauney et al., 2004], and expansion of hMSCs in specific se-

rum lots [Caplan, 2005; Shahdadfar et al., 2005]. The addition of fibroblast growth factor-2 to 

the culture medium during monolayer expansion has been shown to increase the percentage 

of multipotent progenitors [Muraglia et al., 2000; Stevens et al., 2004] and to enhance the 

chondrogenic differentiation [Tsutsumi et al., 2001; Solchaga et al., 2005]. These are impor-

tant approaches in order to facilitate extensive proliferation without loss of differentiation po-

tential to develop hMSC-based therapies for clinical application. 

5.2.4 Enhancement of chondrogenesis 

In this study, no alterations in the cell isolation procedure and expansion conditions were 

performed, but the differentiation conditions were attempted to optimize. The cell proliferation 

studies already showed differences in hMSC behavior in collagen hydrogels dependent on 

the gel neutralization solution used. Therefore, the influence of GNS composition on the 

chondrogenic differentiation was also investigated. The heterogeneity in the chondrogenic 

differentiation ability was also reflected in these results. One experiment revealed almost no 

differences in gene expression and protein synthesis (Fig. 27), whereas in another experi-

ment only hMSC collagen hydrogels fabricated with 2x GNS HG F2 showed cartilage-specific 

matrix accumulation throughout the construct (Fig. 28). Interestingly, the best results were 

obtained with the same GNS which facilitated cellular survival in SCM and CDM-. Also it has 

to be pointed out that hMSCs were expanded in the same lot of FBS and after embedding in 

collagen hydrogels the only difference was up to the FBS lot differing between 2x GNS HG 

F1 and 2x GNS HG F2. Since further cultivation was performed in CDM+, the chondrogenic 

differentiation medium without FBS, the striking differences are difficult to explain. FBS may 

contain uncharacterized growth and differentiation factors, which were possibly bound to the 

collagen fibers of the hydrogel and could therefore influence the cells over a long period of 

time. To further optimize the composition of the GNS, TGF-β as important differentiation fac-

tor could be added. Yokoyama et al. [2005] compassed the best results with this strategy 

suggesting that this cytokine is required at an early phase of chondrogenesis. 

Reviewing the literature, cartilage-like tissue was not consistently generated in the in vitro 

and in vivo studies published to date, including the present study [Wakitani et al., 1994; Sol-

chaga et al., 1999; Nöth et al., 2007; Yamazoe et al., 2007]. Perhaps prolonged culture pe-

riods may be required to detect a higher degree of chondrogenic differentiation and mature 

matrix secretion of hMSCs in collagen hydrogels. Part of the rationale for the use of undiffe-

rentiated or partly differentiated cellular transplants is that the in vivo environment should 
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provide all of the signals that are required for the chondrogenic differentiation of the trans-

planted cells. However, it is possible that the signals that are present during development 

and growth of articular cartilage are no longer present in adults. Therefore, it could be of sig-

nificant importance to apply a wide range of stimulatory signals already in vitro, including 

mechanical stimulation. 

5.3 Mechanical stimulation of hMSC collagen hydrogels 

To further optimize the culture milieu for chondrogenic differentiation the application of physi-

cal stimuli was performed. It has long been known that the supply of oxygen and soluble nu-

trients becomes critically limiting for the in vitro culture of 3D cartilaginous tissues under 

static conditions [Martin et al., 2004]. As a consequence, as also seen in some cases in this 

study, a less differentiated central zone with poor cartilage-specific matrix deposition was 

formed. Furthermore, increasing evidence suggests that mechanical forces, which are known 

to be important modulators of cell physiology, might increase the biosynthetic activity of cells 

in 3D constructs and, thus, possibly improve or accelerate tissue regeneration in vitro. 

5.3.1 Establishment of culture conditions 

The basic prerequisite for the use of a bioreactor system is the ability to maintain cellular 

viability when the constructs are placed within the apparatus. This could effectively been 

shown in this study as no significant differences were assessed in the viability and cell num-

ber in constructs cultured under dynamic compression compared with free-swelling controls. 

Therefore, the detected differences in the gene expression of hMSCs reflect changes in the 

metabolic activity per cell and are not referred to alterations in cell number or viability. 

Before mechanical stimulation, hMSC collagen hydrogels were pre-cultured for 10 days un-

der free-swelling conditions to allow matrix synthesis and deposition by the cells. Several 

studies using chondrocytes have already shown that the efficiency of mechanical stimulation 

strongly depends on the maturation of the matrix surrounding the cells [Buschmann et al., 

1995; Davisson et al., 2002; Démarteau et al., 2003]. The presence of a narrow pericellular 

matrix was proposed to influence the deformation behavior of the chondrocyte suggesting a 

functional biomechanical role of the cell-associated matrix by the transmission of mechanical 

signals via this matrix to the cell membrane [Quinn et al., 1998; Guilak et al., 1999]. Addition-

ally, the biomaterial used to fabricate a tissue-engineered construct can cause differences in 

the magnitude of mechanical stimuli experienced by the cells, based on the different physical 

characteristics of different matrices, e.g. sponges compared to hydrogels. Lee et al. [2003] 

reported an increase in protein and proteoglycan biosynthesis in chondrocyte-seed fibrous 

collagen type II sponges, but a massive loss of these newly synthesized matrix molecules 
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into the culture medium in compressed as well as in control (free-swelling) constructs. The 

collagen hydrogel used in the present study probably allowed a better retention of secreted 

ECM molecules within the construct. 

5.3.2 Alterations in the gene expression of hMSCs in collagen hydrogels after 

mechanical stimulation 

The bioreactor system used in the present study displayed a combination of perfusion culture 

and cyclic dynamic compression. Because of the simultaneous application of both stimuli the 

effect of each stimulus alone cannot be ascertained. Previous studies have demonstrated 

that fluid flow, resulting from perfusion or from cyclic loading, could be the most important 

biophysical stimulus for many different cell types including chondrocytes and MSCs [Glo-

wacki et al., 1998; Buschmann et al., 1999; Davisson et al., 2002]. 

Obviously, the applied loading regime in the present study could not induce the chondrogenic 

differentiation of hMSCs in collagen hydrogels presented by a lack of gene expression of 

AGN and Col II. However, higher levels of COMP mRNA were observed. COMP, an abun-

dant non-collagenous ECM protein, has been found to be highly expressed in both develop-

ing and mature cartilage as well as in tendon and ligaments. Importantly, COMP is known as 

a sensitive marker of chondrocyte differentiation [Zaucke et al., 2001]. COMP mRNA expres-

sion and protein production have been reported to be enhanced by dynamic compressive 

loading of both cartilage explants and chondrocyte-alginate constructs [Wong et al., 1999; 

Giannoni et al., 2003]. Therefore, the increase in COMP gene expression in the present 

study could be interpreted as a beginning of the differentiation process of hMSCs into the 

chondrogenic lineage. 

Additionally, to exclude the initiation of a degradation process in response to mechanical 

overload, the expression levels of several matrix turnover-specific genes were evaluated. 

Reviewing the literature, the expression and regulation of matrix metalloproteinases (MMPs) 

were investigated extensively under excessive or abnormal loading conditions of the joint. 

Additionally, MMPs have been implicated to participate in controlling MSC differentiation 

[Mannello et al., 2006]. The regulation of MMP activation to maintain tissue homeostasis is a 

tightly controlled process in ECM turnover. Examples for such regulators are the tissue inhi-

bitors of MMPs (TIMPs) which exhibit important matrix protecting functions by suppressing 

the enzymatic activity of nearly all MMPs. Loss of this regulation potentiates an imbalance of 

MMPs over their inhibitors and may lead to articular cartilage matrix degradation. MMP3 has 

been shown to be strongly expressed in normal and early degenerative cartilage and down-

regulated in osteoarthritic cartilage. In contrast, MMP13 revealed increased expression levels 

and activities in late-stage OA contributing to catabolism and articular cartilage destruction 

[Aigner et al., 2003; Kevorkian et al., 2004]. Furthermore, MMP13 is the dominant proteolytic 
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enzyme in hypertrophic cartilage during endochondral ossification [Ortega et al., 2004]. The 

induction of MMP13 expression in human skin fibroblasts was previously attributed to the 

contact with collagen fibers, mediated via integrins [Ravanti et al., 1999], and was also re-

ported in chondrocyte-seeded collagen hydrogels after 6 days of culture [Galois et al., 2006]. 

In the present study, mechanical stimulation led to a distinct higher expression of MMP3 sug-

gesting a high matrix turnover. In contrast, MMP13 was first detected after 10 days of culture 

in collagen hydrogels and remained detectable, but no differences in the mRNA levels be-

tween loaded and control constructs were assessed. Also, the expression of the MMP inhibi-

tor TIMP1 was unaffected. IL-1β, a pro-inflammatory mediator of matrix degradation and a 

direct suppressor of Col II and AGN gene expression in chondrocytes, was not expressed in 

the present study, suggesting no induction of a degradative process. Whether the applied 

loading protocol really stimulated the onset of chondrogenesis in hMSC collagen hydrogels 

can’t be answered based on the presented results. Furthermore, the response of hMSCs to 

mechanical stimulation may not be a general inhibition or stimulation of cellular activity, but 

an alteration of specific metabolic pathways. An aggravating factor is that no cartilage-

specific protein deposition could be induced in hMSC collagen hydrogels cultivated in CDM+. 

However, chondrogenesis of hMSCs was clearly detected on the mRNA level with the ex-

pression of Col II. The possible reasons for the failure of cartilage-specific matrix accumula-

tion were already discussed in section 5.2.3. To shed light on the metabolic processes which 

were induced by mechanical stimulation may be whole genome microarray analyses can 

give more information. 

The failure of chondrogenic induction in the present study is in contrast to other studies 

which demonstrated an up-regulation of cartilage-specific genes in MSC-seeded hydrogels 

by mechanical stimulation alone, without the addition of TGF-β [Huang et al., 2004a; Mauck 

et al., 2007; Terraciano et al., 2007]. However, MSCs in these studies were all derived from 

young animals, whereas the cells used in the present study were from elderly human individ-

uals. Regarding chondrocyte-seeded constructs, similar controversial reports exist about the 

effects of cyclic unconfined compression on the cell metabolism, with some studies showing 

an up-regulation of proteoglycan biosynthesis [Chowdhury et al., 2003; Kisiday et al., 2004], 

while others showing no alteration [Hunter et al., 2002; Démarteau et al., 2003]. Hunter et al. 

[2002] referred the non-responsiveness of the chondrocyte gene expression to the mechani-

cal properties of the collagen hydrogel which is significantly softer and more permeable than 

other three-dimensional culture systems resulting in less fluid flow within this matrix. But just 

this interstitial fluid flow has been proposed as an important stimulus for chondrocytes 

[Buschmann et al., 1999]. 

The minor effects of cyclic loading in the present study may also be related to the low fre-

quency (0.002 Hz) used. A recent study has shown that cyclic loading-induced stimulation of 



Discussion  86 

chondrogenesis in limb bud cells embedded in agarose depends on loading frequency and 

duration. The application of small dynamic oscillations at frequencies of 0.15 Hz or lower had 

no effect on the differentiation of these cells into chondrocytes [Elder et al., 2001]. In articular 

cartilage explants, an increase in the biosynthesis of proteoglycans and proteins was shown 

already at frequencies of 0.002 Hz [Kim et al., 1994]. In the present study, a low frequency 

was chosen based on the collagen hydrogel material properties which are quite different from 

agarose or the natural articular cartilage ECM. At low frequency, the collagen hydrogel 

underwent oscillating cycles of full compression during the loading phase. To avoid a consoli-

dation of the matrix, which could result in minor diffusion properties, a single compressive 

strain was applied every 10 min to allow the hydrogel to recover to the initial height. To ena-

ble the application of higher frequencies and with that higher stimulus, the mechanical prop-

erties of the collagen hydrogel should be enhanced. Furthermore, dynamic compression in 

the present study was performed for a time period of 8 hours, followed by free-swelling cul-

ture for 16 hours. In contrast to continuous cyclic loading, more complex stimulation proto-

cols involving blocks of mechanical stimulation intermitted by blocks of free-swelling culture 

were previously shown to be more effective for the design of long-term loading studies [An-

gele et al., 2003; Chowdhury et al., 2003; Kisiday et al., 2004]. Additionally, clinical studies 

for joint repair have established a rehabilitation program after microfracture that includes the 

use of a continuous passive motion machine for 6 to 8 hours per 24 hours [Steadman et al., 

2003]. This is thought to facilitate the transport of fluid, nutrients, and solutes within the joint, 

as well as stimulating cell metabolism. 

Recent studies demonstrated synergistic interaction between growth factors and mechanical 

stimulation with beneficial effect on the tissue development of cartilaginous constructs, i.e., 

more than the linear summation of each stimulus individually [Mauck et al., 2003; Hung et al., 

2004; Miyanishi et al., 2006]. However, in the present study, TGF-β1 was deliberately omit-

ted in the culture medium in order to detect explicitly the effects of mechanical stimulation on 

hMSCs without the strong influence of a cytokine. 

Reviewing the literature suggests that cellular response to mechanical factors is highly sensi-

tive to parameters such as the cell source, culture conditions, the addition of cytokines, as 

well as specific parameters of the mechanical regimen. These variations make it difficult to 

compare various cell mechanics studies. 

Importantly, none of the studies published to date have engineered a hyaline-like tissue that 

fully regenerates the natural zonal organization, as well as the biochemical and biomechani-

cal properties of native human articular cartilage, even after several months in vivo. 
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5.4 Labeling of hMSCs with VSOPs for cellular MR imaging 

The development of new clinical cell therapies for articular cartilage repair requires methods 

to monitor these cells non-invasively and repeatedly. MR imaging of cells, labeled with a MR 

contrast agent in vitro prior to transplantation, offers a possibility to accomplish this task. 

In the present study, a commercially available MR contrast agent, consisting of very small 

superparamagnetic iron oxide particles was used. These VSOPs have been developed as a 

blood pool contrast agent for MR angiography and were recently evaluated in a phase I clini-

cal trial [Taupitz et al., 2004]. The development of labeling procedures with commercially 

available and clinically approved MR contrast agents allows a faster implementation of cell 

tracking techniques into clinical practice. In contrast to various previously described labeling 

methods [Arbab et al., 2003a; Jendelová et al., 2003; Arbab et al., 2004; Ittrich et al., 2005], 

cell labeling with VSOPs is very quick and easy to apply since it needs only an incubation 

time of 90 min and no additional reagents and techniques with their possibly adverse biologi-

cal effects. 

5.4.1 Intracellular iron content and its effect on cellular viability and proliferation 

In order to assure the MR detectability of transplanted cells, the applied labeling protocol has 

to assure a sufficient iron uptake. First, prussian blue staining confirmed efficient labeling 

after each labeling experiment but a heterogeneous uptake of VSOPs was demonstrated 

between individual cells. This heterogeneity was also observed in other studies [Jendelová et 

al., 2003; Ju et al., 2006; Müller et al., 2007]. Second, the use of fluorescent dye-labeled 

VSOPs and TEM demonstrated a clear intracellular localization of iron oxide particles and 

not a loose association with the cell membrane. Third, the iron content of the VSOP-labeled 

hMSCs was determined with ICP-MS and yielded an average amount of 4.59 ± 2.01 pg iron 

per cell. This is a relatively low value, compared to other studies described in the literature 

which found up to 64.5 pg iron per cell [Frank et al., 2003; Bulte et al., 2004a; Ju et al., 

2006], depending on the contrast agent, cell type and labeling protocol used [Arbab et al., 

2003a; Sun et al., 2005]. Nevertheless, the labeled cells embedded in collagen hydrogels 

could be easily detected in the MR images. This was confirmed by histological analysis with 

iron specific prussian blue staining. The variability in the iron concentration per cell in the 

present study may be due to a varying endocytotic activity of individual cells and hMSCs 

from different donors. According to Stroh et al. [2004], the low iron content can be attributed 

to the relatively low VSOP concentration (82 µg of iron per ml) used for the labeling proce-

dure. 

In the context of efficient cell labeling, the effect of high intracellular iron content on the meta-

bolism of the cells has to be considered. It is well known, that an intracellular iron overload 
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can induce free radical formation and oxidative stress, which may also lead to cytotoxicity 

and cell death [Emerit et al., 2001]. A transient increase of oxidative stress in rat macro-

phages immediately after labeling with VSOPs was indeed ascertained, but 24 h after incu-

bation, this induction of oxidative stress could no longer be observed [Stroh et al., 2004]. 

Supporting these results, in the present study no increased rate of apoptosis 24 h after labe-

ling hMSCs with low VSOP concentrations was assessed. However, using the WST assay to 

evaluate the metabolic activity three days after VSOP labeling, in 2 out of 3 labeled hMSC 

populations a slight inhibition of cellular activity was detected. An insignificant transient in-

crease in the production of reactive oxygen species in SPIO-labeled hMSCs at day 3 was 

also observed by Arbab et al. [2003b] may be due to free iron released into the cytoplasm of 

the cells. In the present study, proliferation assays in short-time culture revealed in only 1 out 

of 4 labeled hMSC populations a slight reduction in the cell proliferation rates. Controversial 

results are also reported in other studies using different iron oxide particles, showing on the 

one hand no influence of SPIO labeling on the proliferation capacity [Arbab et al., 2004; 

Ittrich et al., 2005], on the other hand a slight inhibition [Bos et al., 2004; Terrovitis et al. 

2006]. Interestingly, Terrovitis et al. [2006] showed a distinct inhibition of proliferation after 

5 days of culture, and slight, but not significant differences in the proliferation rates after 

9 days. Their histological analysis with iron specific prussian blue staining showed imme-

diately after labeling a lot of SPIO particles occupying almost the whole cytoplasm of the 

cells. Maybe this high iron load led to the observed inhibition of proliferation in the first days 

after labeling. In contrast, such accumulation of high amounts of VSOPs in labeled hMSCs 

was only rarely observed in this study. Regarding long-term proliferation assays no cytotoxic 

effects due to the presence of intracellular iron oxide particles were indicated, neither in this 

study, nor in the study by Stroh et al. [2004]. Concerning the amount of intracellular iron dur-

ing the proliferation of labeled cells, several studies have already demonstrated the dilution 

of the magnetic label upon cell division, as well as shown in this study [Ittrich et al., 2005; 

Terrovitis et al., 2006]. Prussian blue staining still reveals staining of most cells, but fewer 

iron within each cell, suggesting that the iron oxide particles are splitted between the daugh-

ter cells. Loss of label is certainly also related to the biodegradation of SPIO particles and the 

subsequent recycling of iron by the cells. Regarding long-term tolerability, Arbab et al. 

[2003b] revealed the long-term retention of intracellular iron in non-dividing hMSCs over 

7 weeks with no increase in the production of reactive oxygen species. In the present study, 

however, only the time sequence of VSOP labeling reduction was determined. A better un-

derstanding of one possible mechanism of iron loss was provided by Arbab et al. [2005a] 

suggesting a fusion of SPIO-containing endosomes with lysosomes with subsequent degra-

dation of dextran-coated SPIO particles at low pH. 
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5.4.2 No adverse effect of VSOP labeling on the differentiation ability of hMSCs 

Human MSCs are possible candidates for future matrix-based cartilage repair technologies, 

where they are expected to differentiate into chondrocytes and regenerate missing cartilage 

tissue. Therefore, a possible adverse effect of the labeling procedure on their function has to 

be excluded. Since previous studies assessed the influence of magnetic labeling on the diffe-

rentiation ability of MSCs predominantly by histological and immunohistochemical analyses, 

RT-PCR analyses were additionally performed in this study to evaluate possible changes 

also on the mRNA level. Concerning adipogenic and osteogenic differentiation, the results 

are in accordance with previous studies [Arbab et al., 2004; Kostura et al., 2004; Arbab et al., 

2005b]. Both, VSOP-labeled and unlabeled cells showed similar matrix staining after appro-

priate stimulation. These qualitative results were confirmed by semi-quantitative analyses of 

the gene expression levels. This suggests that iron incorporation did not affect mesenchymal 

stem cells when undergoing these differentiation pathways. 

The chondrogenic differentiation of hMSCs has been discussed controversially in previous 

studies, which present opposing results about the influence of magnetic labeling. At first, Ar-

bab et al. [2004] reported no effect of Feridex® labeling on chondrogenesis of hMSCs. How-

ever, a critical revision of this publication assumed the failure of chondrogenic differentiation, 

based on the lack of glycosaminoglycan and collagen type II staining [Bulte et al., 2004b]. In 

contrast, Kostura et al. [2004] reported a marked inhibition of chondrogenesis in hMSCs fol-

lowing Feridex® labeling and referred this inhibition to the iron oxide particles themselves, 

rather than to the transfection agent. Both studies used the same MR contrast agent (Feri-

dex®, particle size of 80-150 nm), but different transfection agents. Arbab et al. [2005b] dem-

onstrated in a second publication again no inhibition of chondrogenic activity in both, Feri-

dex®-labeled and unlabeled hMSCs. The authors speculated that the failure of chondrogenic 

differentiation in the study by Kostura et al. [2004] referred to residual extracellular iron par-

ticle complexes on the surface of the cells. 

In this study, a different type of SPIO particles and their influence on the chondrogenic diffe-

rentiation ability of hMSCs was investigated. The results showed a very slight inhibition of 

cartilage-specific matrix accumulation in two out of six VSOP-labeled pellet cultures, as evi-

denced histologically, but no differences in the semi-quantitative analyses of the AGN and 

Col II gene expression could be detected. One could speculate that the reason for the inhibi-

tion at the protein level only but not at the mRNA level might be related to degradation prod-

ucts, released from VSOPs in endosomes, which interacts with enzymes involved in the pro-

tein synthesis in the cytoplasm of the cells. 

In this study deliberately only one labeling condition was chosen, based on findings of pre-

vious studies, which used the same particles. It was shown that labeling of rat macrophages 

with a two-fold higher VSOP concentration led to a pronounced increase in oxidative stress 
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compared to the conditions applied here [Stroh et al., 2004]. Furthermore, no influence on 

the viability and differentiation capacity of embryonic stem cells was assessed, when using 

this labeling protocol [Stroh et al., 2005]. These findings suggest that a small particle size 

and/or a low iron content of the cells may minimize possible negative effects on the stem cell 

function of hMSCs, especially on the chondrogenic differentiation capacity. Moreover, the ap-

proximately 10-fold smaller particle size of VSOPs compared to Feridex® and the lower iron 

content of the labeled cells are two characteristics of this particular labeling technique, which 

is quite different from the study of Kostura et al. [2004], who showed a marked inhibition of 

chondrogenic differentiation of hMSCs. So far it cannot be assessed if the absence of a 

marked inhibition of differentiation is related to either the small particle size, the surface coat-

ing material, the low iron content of the cells, or the absence of a transfection agent. To un-

derstand the mechanism of a possible impact of SPIO labeling on stem cell function, compar-

ative studies with different SPIO particles and/or increasing iron internalization have to be 

performed. 

5.5 MRI of hMSC collagen hydrogels 

The ability to track cells in a matrix is mandatory for the development of a successful moni-

toring technique. In the present study, hMSCs were embedded in a collagen type I hydrogel, 

which is already in clinical use for matrix-based ACT [Nöth et al., 2006; Andereya et al., 

2007]. In a first step, different concentrations of VSOP-labeled hMSCs in the hydrogel could 

be visualized using high-resolution MRI at 11.7 T. This allows the statement that a sufficient 

amount of VSOPs was incorporated in the cells to act as an efficient cellular label for MRI 

experiments. The limits of detection are mainly dependent on the concentration of intracellu-

lar label and on the resolution of MRI, which is largely determined by the strength of the ex-

ternal magnetic field [Bulte and Kraitchman, 2004; Verdijk et al., 2006]. A condition precedent 

for the quantification of SPIO-labeled cells using MRI is a strong linear correlation between 

signal intensity loss and labeled cell numbers, assuming constant cellular iron content. This 

was indeed demonstrated in other studies, but importantly, the regression lines were different 

for different cell types, even with the same amount of intracellular iron [Rivière et al., 2005; 

Rad et al., 2007]. However, intercellular heterogeneity in SPIO loading occurs, as also seen 

in this study, because endocytosis is a biological process that exhibits cell-to-cell variability. 

Additionally, because of the use of different SPIO particles, labeling protocols and cell types, 

which lead to varying intracellular iron contents, and the subsequent imaging at different 

magnetic fields, a comparison with other studies is nearly impossible. There are a lot of re-

ports about the detection threshold of labeled cells within a gel phantom in vitro, all using 

other conditions than applied in the present study [Terrovitis et al., 2006; Verdijk et al., 2006; 
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Schäfer et al., 2007; Zhang et al., 2007]. Summarizing the reported results, all studies dem-

onstrated a higher detection threshold, ranging from 1 x 104 to 2.5 x 105 cells/ml. The cellular 

iron contents were distinct higher and lower magnetic fields were applied compared to this 

study. With a lower iron concentration per cell and/or a lower magnetic field strength the sen-

sitivity of detecting labeled cells decreases accordingly [Verdijk et al., 2006]. Terrovitis et al. 

[2006] used a similar cell culture system as in the present study and reported at 1.5 T a de-

tection limit of 1 x 105 SPIO-labeled hMSCs/ ml collagen gel. They applied a different kind of 

SPIO particles (Feridex®) and unfortunately, the iron concentration per cell was not as-

sessed. In the present study, the intracellular iron concentration of VSOP-labeled hMSCs 

was relatively low, and a higher magnetic field was applied. The threshold cell concentration 

for an easy and distinct identification of labeled hMSCs in collagen hydrogels was deter-

mined to 5 x 103 VSOP-labeled cells/ml gel. This much lower value compared to other stu-

dies is probably attributed to the application of a higher magnetic field. 

However the question, whether a single hypointense spot represents a single cell or small 

cell clusters, couldn’t be answered. Difficulties arise from the magnetic susceptibility effect of 

the iron oxide label which affects a much larger region of the image than it is suggested by 

the actual volume of the cell. This results in a MR signal with substantially larger (up to 20-

fold) area than the dimension of the cell [Heyn et al., 2006]. Heyn et al. [2005] also investi-

gated the differences in image contrast for a given quantity of SPIO particles present in a 

single cell vs. distributed between two cells by studying voxels containing two cells with 1 pg 

iron/cell vs. voxels containing one cell with 2.3 pg iron/cell. The total iron content per voxel 

was approximately the same in each case, and the only main difference was the distribution 

of the SPIO particles. There was no significant difference between these two cases leading 

to the conclusion that the discrimination between one and two cells/voxel might not be possi-

ble. Furthermore, because negative contrast MR techniques lack specificity, other sources of 

magnetic field inhomogeneity can cause localized MR signal loss. Especially, discrimination 

between possibly remaining air bubbles and magnetically labeled cells can’t be made. It was 

attempted to correlate the MR monitoring results with findings from conventional histology, 

but because of the tremendous differences in the resolution of both techniques and the dis-

parity in the slice thicknesses it was so far not possible to overlay MR and histological im-

ages in the present study. In other studies, a direct optical validation was often performed by 

co-registering signal voids on MRI with fluorescent dye-labeled cells [Heyn et al., 2006]. 

However, these studies assumed that all fluorescent dye-labeled cells really contained SPIO 

particles. A better approach would be the use of fluorescent dye-labeled SPIO particles in 

order to correlate single hypointense spots with labeled cells. Actually, a number of other 

studies have indicated that MRI cell tracking of small numbers of labeled cells or even single 

labeled cells may be feasible [Heyn et al., 2006; Smirnov et al., 2006]. 
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A long-term study was performed in order to evaluate the stability of VSOP labeling in hMSC 

collagen hydrogels in vitro. Compared with the study of Terrovitis et al. [2006], where Feri-

dex®-labeled hMSCs could be detected over 4 weeks in vitro culture on a fibrous collagen 

scaffold, in the present study the persistence of VSOP labeling was satisfactorily proved over 

10 weeks of culture. The stability of SPIO labeling in non-dividing hMSCs over 6 weeks in 

vitro culture was also confirmed by Arbab et al. [2003b]. In the present study, a considerable 

longer culture period was investigated. After 21 weeks the MR image still presented hypoin-

tense spots, but at a lower quantity. However, the dark spots in the MR image were corre-

lated to free iron oxide particles deposited in the collagen matrix after cell death. In another 

experiment, where dead VSOP-labeled hMSCs were embedded in collagen hydrogels, simi-

larly a reduction of the amount of hypointense spots was observed. Assuming the release of 

the incorporated particles after cell death one would expect the diffusion of iron out of the 

hydrogel. This was obviously not the case may be due to interactions of residual negatively 

charged surface coatings with amino groups from side chains of the collagen fibers. Summa-

rizing these findings the conclusion that a hypointense spot really represents a viable VSOP-

labeled cell or a cluster of viable VSOP-labeled cells can’t be drawn. 

In vivo, several studies have shown the persistence of magnetic label over up to 6 weeks 

[Bulte et al., 2001; Jendelová et al., 2003; Stroh et al., 2005]. Recently, also tissue-

engineered constructs containing labeled cells were imaged after 10 weeks in vivo [Ko et al., 

2007]. However, a discrimination of viable and non-viable cell transplants in vivo would be 

more complicated. If cell lysis occurs magnetic particles are likely been taken up by mono-

cytes or macrophages. This failure in tracking the appropriate cells was indeed shown in sev-

eral studies leading to false-positive findings by MRI and thus represents a major potential 

limitation of non-invasive stem cell imaging [Cahill et al., 2004; Amsalem et al., 2007]. 

In summary, it will be critical to develop robust strategies to distinguish single cells from clus-

ters of cells, or label that is released from dead cells. Also, for cellular imaging, since labeling 

is not permanent and self-replicable like reporter genes, with dilution of label upon cell divi-

sion, iron oxide detection may only be possible in tissue-engineered constructs in which no 

cell proliferation takes places. 
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5.6 Perspective 

Mesenchymal stem cells can play an important role in the development of a clinically useful 

therapy for the treatment of articular cartilage defects. A small number of autologous MSCs 

may be isolated, expanded in vitro, embedded in a collagen hydrogel and introduced into 

articular cartilage defects. This provides the basis for the development of a repair technology 

that is capable to regenerate large areas of articular cartilage. 

In general, hMSCs have the potential to differentiate into various cell types including chon-

drocytes. They can be easily isolated from the bone marrow without damaging healthy tis-

sue. However, a number of issues must be taken into account in considering the adoption of 

hMSCs for articular cartilage repair and regeneration. As evident from this study, hMSCs 

show large and unforeseeable variations in their differentiation capacity. To possibly abolish 

this, a more reproducible hMSC isolation and cultivation protocol has to be developed in or-

der to minimize the heterogeneity in the cell preparations. The characterization of a unique 

cell surface antigen on hMSCs may allow an exclusive separation of these stem cells from 

other cells of the bone marrow. Furthermore, the establishment of culture conditions that re-

semble more the in vivo microenvironment would possibly facilitate an extensive expansion 

without loss of the differentiation potential. 

However, a great discussion raised in recent years which candidate cell type is better suited 

for cartilage repair in forming and maintaining hyaline cartilage, hMSCs or articular chondro-

cytes. Pelttari et al. [2006] recently pointed out that hMSCs undergo a typical endochondral 

sequence of differentiation, leading to the development of transient endochondral cartilage 

instead of stable hyaline cartilage. This was also shown in the present study with the expres-

sion of the hypertrophic and osteogenic markers Col X, ALP, OP, BSP, and MMP13 in chon-

drogenic differentiated hMSCs. Therefore, a more stringent analysis of the chondrogenic dif-

ferentiation of hMSCs is necessary when considering the use of hMSCs for articular cartilage 

regeneration in clinical practice. Another study by Mauck et al. [2006] showed also minor 

cartilage-specific matrix accumulation and reduced mechanical properties in bovine MSC-

seeded agarose gels compared to those with chondrocytes. Together, these results suggest 

that successful tissue engineering of cartilaginous constructs using MSCs will require the 

optimization of the in vitro culture and differentiation conditions to maintain the hMSC-derived 

chondrocytes in the pre-hypertrophic state and prevent them from undergoing terminal diffe-

rentiation as seen in the growth plate. Therefore, it might be of significant importance to pro-

vide these cells with signals, such as an appropriate scaffold, e.g. inclusion of glycosamino-

glycans, or bioactive factors, e.g. PTHrP, or appropriate mechanical stimuli to promote al-

ready ex vivo the development of a phenotype of permanent hyaline cartilage. 

In the present study it was attempted to apply two of these signals to the cells by combining 

seeding hMSCs in a particular 3D environment with the application of a distinct mechanical 
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stimulation protocol. Obviously, cyclic dynamic compression in this experimental set-up was 

not able to induce chondrogenesis in hMSC collagen hydrogels. Further studies have to 

demonstrate whether other loading protocols, e.g. varying loading frequency and/or duration 

of loading, can promote chondrogenic differentiation. To make a clear statement which meta-

bolic processes are really induced by different mechanical loading conditions whole genome 

microarray analyses are a helpful tool. 

For a successful articular cartilage repair therapy, the stability of the tissue-engineered 

hMSC-derived cartilage construct has to be proved in vivo after transplantation in an articular 

cartilage defect in a joint environment. Any in vivo studies, in animal models as well as in 

humans, require the statement whether the transplanted cells really contribute to the repair 

process, i.e. the cells have to be monitored in the repair tissue. A reliable labeling technique 

using VSOPs has been developed in the present study. However, an additional important 

prerequisite for the translation of this method into clinical practice is the detection of VSOP-

labeled hMSC collagen hydrogels on a clinical whole body MR scanner at 1.5 T, which is 

currently used as a clinical standard. Taken together, these investigations should reveal, 

whether a monitoring technique relying on MRI only is feasible to track cells after transplanta-

tion in the repair tissue. 
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7 Appendix 

7.1 Abbreviations 

°C  degree Celsius 
µg  microgram(s) 
µl  microliter(s) 
µm  micrometer(s) 
µM  micromolar = micromol per liter 
3D  three-dimensional 
ACT  autologous chondrocyte transplantation 
AGN  aggrecan 
ALP  alkaline phosphatase 
bp  base pair 
BSA  bovine serum albumin 
BSP  bone sialoprotein 
Ca  calcium 
CDM  chondrogenic differentiation medium 
CDM-  chondrogenic differentiation medium w/o TGF-β1 
CDM+  chondrogenic differentiation medium plus TGF-β1 
cDNA  complementary deoxyribonucleic acid 
cm2  square centimeter 
CO2  carbon dioxide 
Col II  collagen type II 
COMP  cartilage oligomeric matrix protein 
d  day(s) 
DAPI  4’,6-diamidino-2-phenylindole-dihydrochlorid 
DMEM  Dulbecco’s modified eagle's medium 
DMSO  dimethylsulfoxide 
DNA  deoxyribonucleic acid 
dNTPs  deoxynucleotide triphosphates 
ECM  extracellular matrix 
EDTA  ethylendiamintetraacetic acid 
EF1α  eukaryotic translation elongation factor 1 alpha 1 
FBS  fetal bovine serum 
Fig.  figure 
FITC  fluorescein isothiocyanate 
FOV  field of view 
g  gram(s) 
GNS  gel neutralization solution 
h  hour(s) 
Ham’s F-12  nutrient mixture Ham’s F-12 medium 
H&E  Hemalaun&Eosin 
HEPES  4-(2-hydroxylethyl)-piperazin-1-ethansulfon acid 
hMSC  human mesenchymal stem cell 
HPLC  high performance liquid chromatography 
IBMX  3-isobutyl-1-methylxanthine 
ICP-MS  inductively coupled plasma - mass spectrometry 
l  liter 
LPL  lipoprotein lipase 
M  molar = mol per liter 
MHz  megahertz 
mg  milligram(s) 
Mg  magnesium 
min  minute(s) 
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mm  millimeter(s) 
mM  millimolar = millimol per liter 
MMP  matrix metalloproteinase 
ml  milliliter(s) 
MRI  magnetic resonance imaging 
mRNA  messenger RNA 
ms  millisecond(s) 
MSC  mesenchymal stem cell 
nm  nanometer 
nM  nanomolar = nanomol per liter 
OA  osteoarthritis 
OP  osteopontin 
PBS  phosphate buffered saline 
PFA  phosphate-buffered paraformaldehyde 
PGA  polyglycolic acid 
pmol  picomol 
PPARγ2  peroxisome proliferator-activated receptor, gamma 2 
PLA  polylactic acid 
ppm  parts per million 
RNA  ribonucleic acid 
RT  reverse transcriptase 
RT-PCR  reverse transcriptase polymerase chain reaction 
SCM  stem cell medium 
SD  standard deviation 
SDS  sodium dodecyl sulfate 
sec  second(s) 
SPIO  superparamagnetic iron oxide 
T  tesla 
TA  annealing temperature 
Tab.  table 
Taq  Thermus aquaticus 
TBE  Tris-borat-EDTA buffer 
TBS  Tris-buffered saline 
TE  echo time 
TEM  transmission electron microscopy 
TGF-β1  transforming growth factor β1 
TIMP  tissue inhibitor of metalloproteinase 
TR  repetition time 
Tris base  tris(hydroxymethyl)aminomethane 
U  unit(s) 
UV  ultraviolet 
VSOP  very small superparamagnetic iron oxide particle 
w/o  without 
x  times, -fold 
x g  multiple of acceleration of gravity 
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