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EC endothelial cell 
ECGM endothelial cell growth medium 
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EGM2 Lonza’s endothelial cell growth medium 2 
ELISA enzyme linked immunosorbent assay 

FACS fluorescence activated cell sorting 
Fcrit critical F-value 
FCS fetal calf serum 
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FSC forward scatter 

GF/GFs growth factor/plural 
GM GlutaMAX® 
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HDMEC human dermal microvascular endothelial cell  
HF heparin+bFGF (pro-angiogenic supplements) 
HLA-DR human leukocyte antigen class II 
HRP horse reddish peroxidase 
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IF immunofluorescence 
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N network 

oCC osteogenic co-cultivation 
ODM osteogenic differentiation medium 
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PBS phosphate-buffered saline 
PDGF-BB platelet-derived growth factor B homodimer 
PE polyethylene 
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Saf-O safranin-O 
SEM standard error of the mean 
SSC sideward scatter 
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TEER Transendothelial electrical resistance 
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TL transmitted light 
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1  Introduction 

The integration of a complex vascular system is an important basis for the 
development of a successful strategy in the application of in vitro generated tissue 
engineering constructs for bone regeneration. For this purpose, co-cultures of 
stromal cells with endothelial cells have been developed and evaluated in order to 
stimulate the formation of vessel-like structures ex vivo. When focusing on a 
therapeutic application an approach involving primary human cells and their in vitro 
processing to achieve tissue formation has to be optimized according to the overall 
time span and maximum therapeutic outcome. In this context, a minimized 
processing time will also minimize non-physiological cellular reactions, which could 
jepoardize the success of a related bone tissue engineering strategy. The most 
optimal support of the cells and the generated constructs can be maintained by the 
application of state-of-the-art technologies like perfusion bioreactors. To take into 
account the cellular complexity of a tissue engineering approach linked to the 
implementation of a technological aspect into a biological context the present study 
aimed to develop the basis for a perfusion-based strategy allowing for the generation 
of prevascularized bone tissue engineering constructs in vitro.  

To recapitulate the fundamental knowledge as well as the current state of the 
science, basic knowledge and key findings from the field of bone development, 
vascularization and angiogenesis as well as bone regeneration are presented in the 
following chapter. Based on this, the present study will initially highlight the transfer of 
basic research to the applied science of biomaterial-based tissue engineering using 
co-culture models. In this context, state-of-the-art-research will be summarized to 
define a scientific baseline to judge both the novelty and impact of the key findings 
described by the present study. 

1.1 Postnatal bone formation 

The adult vertebrate skeleton consists of more then 200 bones of which the majority 
is formed by endochondral ossification (ECO). Only a minor number of flat bones like 
the skull and clavicles are formed through intramembraneous ossification (IMO, 
(Percival and Richtsmeier, 2013). Both types of bone formation begin with a 
condensation of loose mesenchyme which is avascular and hypoxic (Percival and 
Richtsmeier, 2013). Avascularity itself was demonstrated or postulated to serve as 
the basis for condensation growth and the initiation of the ossification during ECO or 
IMO, respectively (Percival and Richtsmeier, 2013). During ECO, a cartilaginous 
template forms via differentiation of precursor cells into chondrocytes within the 
template which is surrounded by the perichondrium. In this context, the chondrogenic 
differentiation is controlled by the transcription factor Sox9 either directly or indirectly 
by inhibiting the activity of a second transcription factor Runx2 or by repressing its 
transcription (Hartmann, 2009, Zhou et al., 2006). In contrast, during IMO cells within 
the condensed mesenchyme directly differentiate into osteoblastic cells (Hartmann, 
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2009), although the initiating stimulus remains unidentified in humans (Percival and 
Richtsmeier, 2013). Only a single study focusing on IMO of chick frontal bone gives 
more insight by describing the infiltration of condensed mesenchyme layers by bore 
capillaries in response to hypoxia-induced pro-angiogenic signaling as the basis of 
an ossification front following vascular invasion of the growing avascular 
condensation (Thompson et al., 1989). On the other hand, no signaling such as it is 
involved in ECO is necessary for IMO (Hartmann, 2009, Percival and Richtsmeier, 
2013). 

While osteoblasts differentiate directly from mesenchymal progenitors during IMO 
(Percival and Richtsmeier, 2013) the perichondrium that forms around the diaphysis 
of long bones will be the origin of osteoblast precursors during ECO which is called 
periosteum upon their appearence (Hartmann, 2009). Within the cartilage template 
cells mature and become hypertrophic chondrocytes secreting a collagenous matrix. 
This stage of ECO is linked to the termination of cell proliferation and exit from active 
cell cycling (Shum and Nuckolls, 2002). After further maturation the secreted matrix 
will be mineralized, while at the same time the hypertrophic chondrocytes undergo 
apoptosis (Shum and Nuckolls, 2002). This is linked to the release of high doses of 
VEGF and vascular invasion into the primary and secondary ossification center 
(Hartmann, 2009, Long, 2012, Percival and Richtsmeier, 2013). Associated with this, 
chondrogenic genes like Sox9, 5 and 6 are down regulated while at the same time 
Runx2 activity is elevated (Hartmann, 2009). The following final chondrogenic 
maturation and osteoblastic differentiation are coupled via secreted Indian Hedgehog 
(Ihh) signaling (Long, 2012). The expression of Ihh in turn is controlled by the 
expression and activity of Runx2 in pre-hypertrophic chondrocytes (Karsenty, 2001). 
Most importantly, Ihh screted during ECO induces Runx2 expression in the 
surrounding perichondrium where it is essential for the ostegenic differentiation (Kim 
et al., 2013, Tu et al., 2012). The same is true for the osteoblastic lineage 
differentiation within the condensed mesenchyme formed during IMO (Percival and 
Richtsmeier, 2013). To finally become fully committed osteoblasts the Runx2 
expressing osteoblastic precursors require the expression of the transcription factor 
Osterix/Sp7 (Nakashima et al., 2002). Osteorix regulates the differentiation into adult 
osteoblasts while supressing chondrocyte differentiation simultaneously (Nakashima 
et al., 2002). The maturation into matrix-secreting osteoblasts is guaranteed by the 
downregulation of Runx2, however, the related mechanism remains unknown 
(Hartmann, 2009). The primary bone developed during hypertrophy and apoptosis of 
maturating chondrocytes is constantly remodeled by osteoblasts and osteoclasts to 
form trabecular bone (Hartmann, 2009, Long, 2012, Percival and Richtsmeier, 2013). 
Osteoclasts develop upon differentiation from hematopoietic precursor cells which 
invade the forming tissue through the developing vasculature (Engsig et al., 2001). 
The described processes are common to the development as well as the diaphysial 
and the epiphysial growth of long bones (Long, 2012, Percival and Richtsmeier, 
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2013). Similarly, IMO and ECO are involved in the healing of bone fractures (Einhorn 
and Gerstenfeld, 2015). 

1.2 Vascularization and Angiogenesis 

All organs and the respective cells of the human body are dependent on a precisely 
regulated supply of oxygen. Since the physiological diffusion of oxygen into tissues is 
limited to a maximum distance of around 200 µm (Rouwkema et al., 2008) a highly 
specialzed network of vessels evolved in the human body that guarantees the supply 
of each cell within the diffusion limit (Hoeben et al., 2004). The vessel system is 
constantly remodeled and maintained by angiogenesis, the formation of new blood 
vessels from pre-existing ones (Carmeliet, 2005). While angiogenesis is the 
predominant form of vessel formation in the postnatal human body vascularization is 
the basic process of vessel formation during vascular development in the growing 
fetus (Risau and Flamme, 1995).  The onset of vascular formation is formed by the 
hemangioblast, a type of precursor cell shown to be the common origin of the 
vasculogenic/angiogenic system and the hematopoietic system located in the bone 
marrow (Kennedy et al., 1997). While hemangioblasts develop into endothelial cells 
they form blood islands that tend to fuse with each other forming a lumen and a 
subsequent primary capillary plexus (Hoeben et al., 2004). The process of 
vasculogenesis primarily occurs in the yolk sac during embryogenesis (Chung and 
Ferrara, 2011). Once the capillary plexus formed, endothelial cells proliferate leading 
to the formation and growth of new vessels and interconnections thus representing 
the transition from vasculogenesis to angiogenesis (Bergers and Benjamin, 2003, 
Chung and Ferrara, 2011). Angiogenesis is finally controlled by a tightly balanced 
system of pro-angiogenic and anti-angiogenic factors like vascular endothelial growth 
factor (VEGF) or angiostatin, respectively (Figure 1, Bergers and Benjamin, 2003).  

 

Figure 1:  Schematic representation of the tightly regulated angiogenic balance and indication of the 
most important inhibotors and activators of angiogenesis. Figure adapted from (Bergers and 
Benjamin, 2003) 
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Most activators that stimulate the proliferation and migration of endothelial cells are 
receptor tyrosine kinase ligands (Carmeliet, 2000). Among those VEGF, fibroblast 
growth factors (FGFs), platelet-derived growth factor (PDGF) and epidermal growth 
factor (EGF) play major roles in angiogenic induction and stabilization, where EGF in 
turn enhances the expression of VEGF and FGF (Figure 1, Bergers and Benjamin, 
2003). On the side of angiogenic inhibitors thrombospondin-1 was the first described 
to modulate endothelial-cell proliferation and motility (Volpert et al., 1995). Most 
interestingly, several inhibitors including the “statins” are derived from proteins that 
generally do not influence angiogenesis. In principle, whether an endothelial cell will 
enter an angiogenic or quiescent state, is driven by the levels of activators and 
inhibitors (Bergers and Benjamin, 2003). In general, angiogenesis is induced by 
hypoxic conditions (Carmeliet, 2003, Martino et al., 2015). Hypoxia stimulates 
expression of GF involved in different stages of angiogenesis. As mentioned earlier 
this includes VEGF, Ang-2 and nitric oxide synthase (NOS). In response to hypoxia 
vessels dilate and local doses of VEGF (also termed as vasopermeability factors in 
this context) lead to the disruption of the endothelial cell barrier integrity whereby 
endothelial cells become migrative (Hoeben et al., 2004). In this context, a 
specialized subtype of endothelial cells function as tip cells sensing a gradient of pro-
angiogenic VEGF generated by hypoxia (Gerhardt et al., 2003). The migrating tip cell 
upregulates the Notch ligand Delta-like-4 and Notch1 in neighbouring cells thus 
inducing a stalk-cell phenotype (Hellstrom et al., 2007). Stalk cells are highly 
proliferative and generate the new blood vessel trunk following the tip cell (Gerhardt 
et al., 2003). At the same time endothelial cells activated by sensing VEGF release 
PDGF-BB therefore leading to the recruitment of pericytes to nascent vessels 
(Bergers and Song, 2005). Pericytic signaling through the Ang-1/Tie2, TGFβ1/TGFβ-
receptor-1 and EphringB2/EphB4 pathways activates endothelial cell quiescence and 
vessel stabilization (Figure 2, Martino et al., 2015). Under normal and healthy 
conditions angiogenesis occurs during wound healing, organ regeneration or in the 
female reproductive system during ovulation, menstruation and placenta formation 
(Bergers and Benjamin, 2003). The induction of an angiogenic phenotype is highly 
dependent on local changes of the balanced system between angiogenic stimulation 
and inhibition. The same is true for a disease like cancer where angiogenesis is 
artificially enhanced by the excessive release of pro-angiogenic VEGF from cancer 
cells to maintain the oxygen and nutrient supply of the growing cancer (Bergers and 
Benjamin, 2003, Carmeliet, 2003). Angiogenesis is thus based on signaling pathways 
that are common to states of disease and health as well as development, 
regeneration and healing. 
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Figure 2:  Schematic representation of the main phases of blood vessel growth and the involved 
signaling pathways: A: Endothelial cells activated by sensing of VEGF gradients in response to 
hypoxia become migrative tip cells that induce a stalk cell phenotype in adjacent cells through Notch 
signaling. B: Activated endothelial cells release PDGF-BB leading to the recruitment of pericytes to 
nascent vessels. C: The crosstalk of pericytes with vessel-associated endothelial cells through Ang-
1/Tie2, TGFβ1/TGFβR-1 and EphrinB2/EphB4 signaling induces quiescence and stabilization of newly 
formed vessels. Figure adapted from (Martino et al., 2015) 

1.3 Fracture healing 

The healing process of bone fractures is characterized by an initial anabolic phase, 
which is coupled to the increase of the tissue volume around the fracture. Initially, no 
de novo recruitment of skeletal stem cells that form skeletal and vascular tissue 
occurs. In close proximity to the fracture a cartilaginous callus forms. Cells that are 
involved in the callus formation are predominantly recruited from the periosteum. At 
the border zone to the newly formed cartilage the periosteum swells what initiates the 
process of new bone formation (Phillips, 2005). Similarly to IMO and ECO this 
process is linked to blood vessel ingrowth and the increase of blood flow into the 
fracture area (Figure 3, Einhorn and Gerstenfeld, 2015). As chrondrocyte 
differentiation within the cartilage progresses towards hypertrophy primary 
mineralization occurs (Percival and Richtsmeier, 2013). The initial anabolic phase of 
fracture healing is terminated with chondrocyte apoptosis following chondrocyte 
hypertrophy (Gerstenfeld et al., 2003a, Lee et al., 1998) and the transition to a 
following catabolic phase. This phase is primarily characterized by the reduction of 
the callus volume. The mineralizing cartilage and the primary bone are constantly 
remodeled by osteoblasts and osteoclasts (Figure 3, Einhorn and Gerstenfeld, 2015, 
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Gerstenfeld et al., 2003b). The involved osteoclasts and osteoblasts are derived from 
precursor differentiation due to increased blood inflow or by migration from the 
fracture proximity, respectively (Mbalaviele et al., 1999, Park et al., 2012). However, 
increasing angiogenesis will induce secondary bone formation, which is followed by a 
remodeling by osteoclasts. This phase of bone remodeling is characterized by 
coupled cycles of osteoblast and osteoclast activity leading to the remodeling of the 
callus tissue as well as the reconstitution of the original bone structure and marrow 
cavity, finally resulting in the regeneration of the hematopoietic tissue (Figure 3, 
Einhorn and Gerstenfeld, 2015). The termination of the catalytic phase is 
characterized by angiogenic remodeling which includes the regression of the initially 
increased vascular bed of the callus as well as the reduction of the blood flow to the 
initial steady-state (Holstein et al., 2013, Melnyk et al., 2008). The different phases of 
fracture healing are consecutive on the one hand but they are characterized by a 
significant temporal overlap on the other hand (Figure 3, Einhorn and Gerstenfeld, 
2015). In general, the healing of a bone fracture by either ECO or IMO is influenced 
by the stability of the fixation and immobilization of the involved bones. It was shown 
by Morgan and colleagues that a decreased fracture stability is linked to a higher 
degree of cartilage formation and by this ECO (Morgan et al., 2010). In a worst-case 
scenario excessive instability will impair angiogenesis and thus fracture healing 
thereby preventing gap-bridging (Claes et al., 2002). In contrast, a high level of 
fracture stability and immobilization will reduce ECO and support IMO instead 
(Morgan et al., 2010). However, a slightly decreased stability of fixation was 
associated with an increased initial angiogenesis and angiogenic remodeling (Claes 
et al., 2002, Olerud and Stromberg, 1986, Wallace et al., 1994). Independent of the 
type of ossification involved in fracture healing the infiltration of the injured bone 
tissue by precursor cells is a critical step that affects the efficiency of the healing 
process (Wu et al., 2013, Kalfas, 2001, Bastian et al., 2011, Lange et al., 2010). In 
this context, precursor cells of the stroma termed as mesenchymal stromal cells or 
mesenchymal stem cells (MSC) are able to reconstitute several different types of 
tissues involved in bone fracture healing upon multi-lineage differentiation (Park et 
al., 2012). Together with the fact that this type of precursor cells is further involved in 
the mesenchymal condensations that form during ECO and IMO (Long, 2012, 
Percival and Richtsmeier, 2013) MSC have become an attractive cell type to be 
evaluated and applied to the field of tissue engineering (Kobolak et al., 2015, 
Richardson et al., 2015). 
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Figure 3:  Schematic representation of fracture repair. The two metabolic phases (anabolic and 
catabolic; indicated by blue bars) of fracture healing overlap with different stages of repair 
(inflammatory stage, endochondral stage, coupled remodeling; brown bars). The major cell types 
found at each stage are denoted in the context of the time span of their prevalence. The indicated time 
scale of healing corresponds to a closed fracture of a mouse femur fixed with an intramedullary rod. 
Figure taken with permission from (Einhorn and Gerstenfeld, 2015)  

1.4 Origins, identification and cultivation of MSC 

MSC are a widely used cell type for applications in tissue engineering of the lung, 
liver, kidney and especially bone (Calle et al., 2014, Zhang et al., 2015, Richardson 
et al., 2015, Kobolak et al., 2015, Wang et al., 2015).  These cells are either isolated 
from bone marrow aspirates (Medyouf et al., 2014), adipose tissue or lipoaspirates 
(Francis et al., 2010), peripheral blood (Trivanovic et al., 2013), whartons jelly 
(Batsali et al., 2013) or trabecular bone fragments (Fuchs et al., 2009a, Unger et al., 
2010). Jaiswal and colleagues demonstrated that stromal cells deposit a mineralized 
matrix when cultivated in the presence of β-glycerol phosphate (Jaiswal et al., 1997). 
Pittenger et al. were the first to describe the trilineage differentiation potential of MSC 
giving rise to cells of the osteogenic, adipogenic or chondrogenic lineage during 
cultivation in cell-respective differentiation media (Pittenger et al., 1999). In the 
following years MSC were studied extensively and described as the holy grail of 
autologous stem cells engineering and tissue engineering (Plock et al., 2013).  

In 2006 a guideline paper was published by the International Socienty for Stem Cell 
Therapy (ISCT) which aimed at defining the minimal criteria for the characterization 
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of human MSC (Dominici et al., 2006). According to this guideline human MSC must 
be plastic-adherent, positive for the expression of CD105, CD90 and CD73, negative 
for the expression of CD45, CD34, CD11b, CD19 and HLA-DR and able to 
differentiate into osteoblasts, chondroblasts and adipocytes in vitro (Dominici et al., 
2006). Although the ancestry of MSC remained unknown, the framework for the 
definition of MSC given by the ISCT guideline was widely accepted and applied. 
Finally, Crisan and colleagues were the first to describe the origin of MSC to 
physiologically be a subset of CD146+ perivascular cells “wrapped around” blood 
vessels thereby supplying a stabilization function (Crisan et al., 2008). In an earlier 
study da Silva Meirelles et al. demonstrated that MSC could be isolated from nearly 
any tissue of the human body (da Silva Meirelles et al., 2006). Nevertheless, the 
question remained what MSC truly are (reviewed in (Bianco et al., 2013). In this 
context, although heavily cited (Dominici et al., 2006) the ISCT guideline is 
controversely debated since the markers recommended for the flow cytometry-based 
characterization of MSC are “a set of unspecific markers” (Bianco et al., 2013). 
Furthermore, only approximately 10% of the clonal strains transplanted in vivo are 
able to form osteogenic tissue, stroma and adipogenic cells and are thus true skeletal 
stem cells (Bianco et al., 2006). MSC have never been shown to fully differentiate 
into adipocytes or chondrocytes when transplanted in vivo by any representative 
differentiation assay (Bianco et al., 2013, Bianco et al., 2006). Based on this, the 
term “mesenchymal stromal cells” is often used instead of “mesenchymal stem cell” 
to describe the same type of cells, as proposed by Bianco and colleagues (Bianco et 
al., 2008). Despite the fact of limited identification by flow cytometry MSC can be 
expanded in vitro making them an attractive source for autologous tissue engineering 
approaches (Consentius et al., 2015, Watson et al., 2014, Casiraghi et al., 2016).  

Plastic adherence is used as a major step to isolate MSC via different protocols e.g 
from bone marrow aspirates (Medyouf et al., 2014), peripheral blood (Trivanovic et 
al., 2013) or trabecular bone fragments (Kolbe et al., 2011). The isolation of MSC 
from trabecular bone fragments generates the highest cell yields compared to other 
sources (Knight and Hankenson, 2013). Noteworthy, MSC from trabecular bone are 
autologous on the one hand, but limited in their availability due to the highly invasive 
surgical procedures (Hass et al., 2011). Furthermore, most studies use trabecular 
bone from the femoral head, which is only available when the affected patients 
receive a hip transplantation. However, MSC from trabecular bone and the included 
bone marrow (bmMSC) were shown to exhibit the highest degree of differentiation 
into cells of the osteogenic lineage and therefore superior to MSC from adipose 
tissue (atMSC) or Wharton’s jelly for bone tissue engineering applications 
(Fernandez-Moure et al., 2015, Baba et al., 2014). Once attached to cell culture 
plastic bmMSC are easily expandable to total numbers of up to 100 x 106 cells within 
12d under industrial scale conditions (Fekete et al., 2012). In this context, it was 
shown that the growth rate and differentiation potential of bmMSC were highly 
dependent of the age and gender of the donating individual (D'Ippolito et al., 1999). 
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This was also shown to be true for atMSC (Choudhery et al., 2014). Although 
extensive expansion of bmMSC was shown to be linked to a limited differentiation 
potential (Banfi et al., 2000, Stenderup et al., 2003) bmMSC can be easily expanded 
to up to 50 x 106 cells in the third passage without losing their osteogenic 
differentiation potential, as found by the present study. Nevertheless, bmMSC are the 
most prominent cell type used in bone tissue engineering applications either in a two-
dimensional (2D) or three-dimensional (3D) context (Kobolak et al., 2015, Richardson 
et al., 2015, Yousefi et al., 2016). The trilineage differentiation potential of MSC was 
first demonstrated in 2D cell cultures (Pittenger et al., 1999). Other studies in 2D 
focused on the donor age (D'Ippolito et al., 1999) or the plating density (McBeath et 
al., 2004) and their impact on the degree of differentiation.  

1.5 Perfusion bioreactors support the osteogenic differentiation of MSC 
in 3D 

In 3D, bmMSC have been grown on various biomaterials such as hydroxyapatite 
(Sun et al., 2012, Bjerre et al., 2011), β-tricalcium phosphate (Takahashi et al., 
2005), Nitinol (Strauss et al., 2012, Gotman et al., 2013) or collagen scaffolds 
(Donzelli et al., 2007, Schneider et al., 2010). This was shown to result in the 
formation of calcified osteogenic tissue constructs. Furthermore, implanted bmMSC-
seeded constructs have been shown to successfully enhance bone regeneration 
after transplantation in vivo (Murphy et al., 2011, Jin et al., 2016, Gomide et al., 
2012). Several reports found that this effect was supported by medium perfusion 
through the 3D constructs in perfusion bioreactors (Holtorf et al., 2005c, Glowacki et 
al., 1998, Thibault et al., 2011, Holtorf et al., 2005a). Using this technology, it was 
found that not only the degree of differentiation or matrix calcification but also the 
distribution of bmMSC and secreted matrix was enhanced (Wendt et al., 2003). Most 
importantly medium perfusion through porous 3D scaffolds guarantees an active 
transport of nutrients and waste products to and from the center of 3D scaffolds 
(Brindley et al., 2011) therefore supporting cell metabolism and preventing limited 
substrate availability, hypoxia and apoptosis (Plunkett and O'Brien, 2011).  

In this context, it was shown by others that cells migrate to the peripheral areas of 
scaffolds cultivated under static conditions while the formation of the resulting 
“capsule” leads to apoptosis and cell death in the scaffold center (Glowacki et al., 
1998, Goldstein et al., 2001). As mentioned earlier, these effects were dramatically 
reduced when 3D scaffolds were cultivated under dynamic conditions (Glowacki et 
al., 1998). However, when bmMSC were cultivated in perfusion bioreactors a more 
precise monitoring of substrate concentrations or gas concentrations had to be 
applied. It is known that bmMSC respond to shear stress (Sikavitsas et al., 2003, 
Yourek et al., 2010) or changes in the substrate availability therefore changing 
metabolic or differentiation rates (Brindley et al., 2011). Similarly, the concentration of 
O2 in the cell culture medium drives cellular processes like osteogenic differentiation 
(Fan et al., 2015), cell proliferation (Holzwarth et al., 2010), apoptosis and glycolysis 
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(Hughey et al., 2012). Because of the limited instrumentation in small-scale perfusion 
chambers perfusion bioreactors were preferred which could be stored under 
controlled conditions in a standard cell culture incubator during the experimental 
runs. Holtdorf and colleagues used a custom-made perfusion system for the 
cultivation of bmMSC on 3D calcium phosphate scaffolds (Holtorf et al., 2005c). In 
another study, Gomes et al. applied a comparable custom-made perfusion bioreactor 
for the cultivation of MSC on 3D poly-caprolactone scaffolds (Gomes et al., 2006). In 
the present study a commercial perfusion bioreactor system was used which was 
shown to result in the reproducible cultivation of tissue engineering constructs under 
dynamic conditions (Papadimitropoulos et al., 2011, Sadr et al., 2012, Wendt et al., 
2003). Most perfusion systems are connected to simple tubing pumps allowing for 
either a circular or an oscillatory medium perfusion through the 3D scaffolds 
(Bancroft et al., 2003, Gomes et al., 2006, Holtorf et al., 2005b). Whether 
unidirectional or bidirectional medium perfusion is superior to one another in the 
support of bmMSC osteogenesis remains controversial (Case et al., 2011, Jacobs et 
al., 1998). However, it was shown by several reports that the rate of perfusion and 
therefore the flow velocity and the resulting shear stress clearly influenced the 
differentiation of bmMSC (McCoy and O'Brien, 2010). Egger et al. used flow rates of 
0.3 – 0.5 mL/min to differentiate MSC seeded on ceramic scaffolds (Egger, 2015). In 
another report Holtdorf and colleagues demonstrated ALP activity and calcium 
deposition using a flow rate of 1 mL/min (Holtorf et al., 2005c). In a study 
investigating the osteogenic differentiation of bmMSC on 3D hydroxyapatite scaffolds 
using the commercial U-CUP perfusion bioreactor system Sadr at al. found a flow 
rate of 1000 um/s to be most optimal for the seeding of bmMSC on 3D scaffold and a 
rate of 100 um/s to be most optimal for their cultivation and osteogenic differentiation 
(Sadr et al., 2012). Taken together, these studies underline the ability of MSC to 
respond to mechanical stimuli based on shear stress.  

1.6 Biomaterials as the basis for the osteogenic differentiation of MSC 
in 3D 

This property of MSC was also investigated in another category of mechanical stimuli 
– namely the stiffness of the growth substrate. It was found that MSC sense the 
rigidity of the growth substrate based on chromatin condensation (Heo et al., 2015). 
The same report demonstrated that MSC possess a mechanical memory making 
them sensitive to biomaterial-based priming into a certain lineage of differentiation 
(Heo et al., 2015). In this context it was found that a high elasticity modulus (= high 
stiffness) increases the degree of osteogenic differentiation while a low elasticity 
modulus supports adipogenic differentiation (Gobaa et al., 2011, Swift et al., 2013). 
For these reasons it is accepted that 3D scaffolds supplying a high strength, stability 
and stiffness are favorable for applicaions in bone tissue engineering (Bose et al., 
2012).  
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An impressive number of studies focused on the investigation and evaluation of 
different biomaterials for their feasibility in bone tissue engineering with the most 
prominent types of 3D biomaterials being various forms of ceramics like 
hydroxyapatite or tricalcium phosphate (extensively reviewed in (Bose et al., 2012, 
Karageorgiou and Kaplan, 2005, Stevens, 2008)). One feature of these materials is 
their resorbability by e.g. osteoclasts (Matesanz et al., 2014, Nakamura et al., 2016). 
Nevertheless, to increase the life time of bone tissue engineering biomaterials or to 
mimic the complex properties of natural bone new materials are developed, including 
blends of metal ions like Nitinol (Gotman, 2010, Gotman and Reiner, 2010). Although 
these materials are non-resorbable they can be engineered to closely mimic the load-
bearing properties (e.g. stiffness and elasticity) of natural bone. In this context, 
Gotman and colleagues developed an approach to generate trabecular Nitinol (tNiTi) 
scaffolds of varying size (Gotman, 2010). With an average pore size of 150 – 350 µm 
and a porosity of 87% these scaffolds exhibit a structure that is comparable to the 
trabecular structure of spongious bone which is characterized by pore sizes of up to 
1 mm and a porosity of 50 - 90% (Keaveny et al., 2001, Karageorgiou and Kaplan, 
2005). Similarly, tNiTi scaffolds could be successfully engineered to provide an 
elasticity modulus in range comparable to natural bone (Gotman, 2010). In in vitro 
experiments using human MSC tNiTi scaffolds were shown to allow for cell 
adherence and cytocompatibility (Gotman, 2010). The same report demonstrated 
that tNiTi supported the osteogenic differentiation of MSC under static conditions 
(Gotman, 2010). Although the release of Nickel (Ni) ions was shown by other reports 
to induce cytotoxicity and oxidative stress in human cells (Chen et al., 2003, Kanaji et 
al., 2014) no inhibitory effects of Ni ion release from tNiTi scaffolds were detectable, 
neither in terms of MSC proliferation nor in connection to MSC osteogenesis 
(Gotman, 2010). Based on these facts tNiTi is a promising candidate for applications 
in bone tissue engineering using human MSC. Since to date the supportive function 
of tNiTi (as processed by Gotman and colleagues) on the osteogenic differentiation 
was only evaluated under static conditions (Gotman, 2010) one important aim of the 
present study was to investigate the osteogenesis of MSC on tNiTi scaffolds under 
dynamic conditions using a perfusion bioreactor system. 

1.7 Cocultures in bone tissue engineering  

With respect to the complex interplay of various cell types in a growing or healing 
tissue the communication of these cell types either in an autocrine or in a paracrine 
fashion becomes a major focus point. Due to the multicellular environment in the 
regenerative niche it is known that paracrine signaling generates the release of e.g. 
growth factors (GFs), which can be recognized and bound by specific receptors that 
are expressed on the membrane of another cell type, thus inducing receptor 
phosphorylation, intracellular signaling and the induction of a biological response 
(Einhorn and Gerstenfeld, 2015, Forbes and Rosenthal, 2014, Gurtner et al., 2008). 
Because of the variety of different cell types in a growing or healing tissue it is 
technically highly complex, if not impossible, to examine the exact gene expression 
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and protein release profile of a single cell type in vivo (Kirkpatrick et al., 2011). 
Furthermore, the physiological situation represents a non-steady and constantly 
changing environment of GFs, cytokines and chemokines further complicating the 
identification of factors that induce a certain phenotype (Kirkpatrick et al., 2011). For 
these reasons the investigation of all cell types of a tissue of interest under highly 
controlled conditions in vitro is an attractive tool to overcome the limitations present 
in vivo. However, the importance of direct cell-cell contacts as well as the release of 
gene products in a paracrine manner is underestimated in such cell culture models 
(Kirkpatrick et al., 2011). Therefore, co-culture models were developed to circumvent 
the obstacles mentioned above.  

By studying at least two different cell types in direct contact or non-direct contact 
models various biological functions and signaling pathways could be investigated in 
more detail (Kirkpatrick et al., 2011, Chen et al., 2015, Freese et al., 2014, 
Sterneckert et al., 2014, Seton-Rogers, 2013). In bone tissue engineering co-culture 
models are used to study for instance the function and communications of 
osteoblasts with osteoclasts (Heinemann et al., 2011, Marino et al., 2014) or the 
formation and maturation of vascular structures in a bone tissue engineering context 
(Dohle et al., 2014, Dohle et al., 2010, Fuchs et al., 2007, Fuchs et al., 2009b, Unger 
et al., 2010, Unger et al., 2005, Unger et al., 2007). The vascular network formation 
is well understood and details in cellular communication were described by many 
reports using co-culture models (extensively reviewed in (Unger et al., 2015)). 
However, when following a tissue engineering approach the technical requirements 
of such a co-culture system have to be considered (Kirkpatrick et al., 2011). In this 
context, it is well known that the cell seeding ratios (CSR) and thus the 
corresponding cell seeding densities (CSD) of each cell type (McBeath et al., 2004), 
the medium composition (Govindasamy et al., 2010) and the experimental duration 
(Medyouf et al., 2014) clearly affect gene expression, protein expression and by this 
autocrine and paracrine signaling thus driving general biological processes like 
angiogenesis (Kirkpatrick et al., 2011).  

Unger and colleagues investigated the formation of vessel-like structures in vitro 
using co-culture models of primary human osteoblasts (pOB) with human dermal 
microvascular EC (HDMEC) using a CSR (pOB:HDMEC) of 1:6 or 1:4 with varying 
absolute cell numbers (Unger et al., 2010, Unger et al., 2005, Unger et al., 2004, 
Unger et al., 2007). In co-cultures of pOB with outgrowth endothelial cells (OEC) 
derived from peripheral blood Fuchs and colleagues co-cultivated 0.3 x 106 pOB with 
0.2 x 106 OEC (Fuchs et al., 2009a, Fuchs et al., 2007, Fuchs et al., 2009b). Similar 
CSD and a constant CSR of 3:2 were applied in studies conducted by Dohle et al. 
and Kolbe et al. using CC models of pOB with OEC and MSC with OEC, respectively 
(Dohle et al., 2014, Dohle et al., 2010, Dohle et al., 2011, Kolbe et al., 2011). Other 
studies used CSR (MSC:EC) of 1:1, 1:4 or 4:1 as well as 1:5 in CC models of 
HUVEC with MSC (Leszczynska et al., 2013) or microvascular EC with MSC 
(Freiman et al., 2016), respectively. Similar to the above-mentioned studies the 
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applied absolute cell numbers of each cell type were varied in the same manner. 
Most importantly, the CSR are of major influence on the paracrine signaling since it 
was demonstrated that cells, for example, respond in a dose-dependent manner to 
the local release of GFs like VEGF (Ozawa et al., 2004a). This suggests that the 
released level of different GF and cytokines create a certain therapeutic window 
allowing for an optimal stimulation of a specific biological process. Thus, it was 
shown by Lobov and colleagues that the release of angiopoietin-2 (Ang-2) next to 
VEGF is essential for the induction of angiogenesis in vivo but that vessel regression 
is obtained once VEGF secretion is decreased or diminished (Lobov et al., 2002). 
Similarly, it is known that angiopoietin-1 (Ang-1) and Ang-2 compete for binding to 
the Tie2 receptor, thus enabling either vessel stabilization or a proangiogenic 
stimulus (Asahara et al., 1998, Bogdanovic et al., 2006). Finally, different level of GF 
or cytokines released to the CC will be detected by a certain amount of binding sites 
defined by the number of specific receptors expressed by a certain cell type 
incorporated at a certain CSD (Rizzino et al., 1988) in the CC model. A dose-optimal 
relation of CSD of MSC and EC as well as their support of vessel formation was also 
investigated in the present study.  

Nevertheless, when CC systems are established, the choice of the correct cell 
culture medium is an important parameter that has to address the different cell types 
in terms of metabolism, cell signaling and protein secretion (Kirkpatrick et al., 2011, 
Kolbe et al., 2011). Often, the cell culture medium is optimized towards the support of 
the more sensitive cell type (Kirkpatrick et al., 2011) e.g. EC in CC of EC with MSC or 
pOB (Dohle et al., 2010, Fuchs et al., 2007, Kolbe et al., 2010, Unger et al., 2007). 
Moreover, cell culture media often have to be supplemented with external GFs to 
allow for the stimulation of diverse cellular processes. By using in vitro CC systems of 
HUVEC or HDMEC with pOB it was shown by Santos and colleagues that a basal 
EC medium without external supplementation of GF like VEGF or bFGF is sufficient 
to support vascular network formation (Santos et al., 2007, Santos et al., 2009). 
However, osteogenic differentiation as an important element of vascularized 
osteogenic tissue constructs was not investigated in these studies. To induce 
osteogenic differentiation of MSC the corresponding media are supplemented with 
dexamethasone (Dex), βGP and ascorbic acid (AA) (Pittenger et al., 1999). Thus, the 
impact of these factors on EC has to be considered in the corresponding CC models, 
especially on the level of GF secretion. By simple combination of the EC media 
EGM2 with the pro-osteogenic factors Dex and βGP, Pedersen and colleagues 
demonstrated the formation of tube-like structures and the deposition of a calcified 
matrix in a CC model of HUVEC with MSC cultivated for 2 Wk (Pedersen et al., 
2012). Similarly, Correia et al. described the formation of tube-like structures and the 
expression of osteogenesis-related proteins like bone-sialoprotein (BSP) in a CC 
model of HUVEC with MSC (Correia et al., 2011). However, both studies do not 
provide insights into the dynamics of extracellular matrix calcification or changes in 
GF signaling following induction of osteogenesis in MSC. Most importantly, the 
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supplemented osteogenic factors as well as their applied concentrations were 
demonstrated to exhibit negative effects on the formation of vascular structures.  

In this context, DiMarco and colleagues demonstrated a negative influence of 
inorganic phosphate (Pi) concentrations above 2.5 mM on the angiogenic potential of 
EC (Di Marco et al., 2008, Di Marco et al., 2013). In human peripheral blood level of 
Pi above 1.5 - 2 mM were linked to artherosclerosis (Lanzer et al., 2014, Lau et al., 
2010, Nishizawa et al., 2005). Although βGP is an organic source of phosphate its 
conversion to Pi is driven by the ALP (Ahlers, 1975, Bellows et al., 1991, Bellows et 
al., 1992), which is increasingly expressed and active during the osteogenic 
differentiation of MSC (Vanstraalen et al., 1991). Therefore, it is very likely that a high 
level of organic phosphate supplementation generates elevated level of Pi. 
Additionally, increased level of Pi were demonstrated to be pro-apoptotic in EC (Di 
Marco et al., 2008) and discussed to induce non-specific cellular calcification 
following apoptosis (Langenbach and Handschel, 2013) as well as spontaneous 
precipitation of calcium phosphates (Schack et al., 2013, Tenenbaum and Heersche, 
1982). However, the apoptotic effect of phosphate supplementation can be “buffered” 
by the supplementation of Dex on the one hand, which will restrict vascularization 
and angiogenesis on the other hand. It is known that Dex exhibits an anti-apoptotic 
and anti-inflammatory stimulus on various cell types in vitro and in vivo (Bailly-Maitre 
et al., 2001, Makrydima et al., 2014, Messmer et al., 2000, Newton et al., 2002). 
Nevertheless, Logie at al. showed that Dex supplementation inhibits angiogenic 
changes in EC by binding to the glucocorticoid receptor (GR) and thus decreasing 
the responsiveness of EC to VEGF (Logie et al., 2010). Moreover, Dex 
supplementation was demonstrated to reduce the expression of VEGF by bone 
marrow stromal cells in a time-dependent fashion (Guzman-Morales et al., 2009) 
therefore potentially decreasing their pro-angiogenic capacity. These facts have to be 
taken carefully into account in CC models of EC with MSC that address the 
stimulation of angiogenesis and osteogenesis in the same system.  

Moreover, it is noteworthy that extensively supplemented EC media like EGM2 
(Lonza) often include VEGF, basic fibroblast growth factor (bFGF), epidermal growth 
factor (EGF), insulin-like growth factor (IGF) and heparin, which will externally 
stimulate angiogenesis on the one hand, but very likely “mask” autocrine and 
paracrine signaling between the incorporated cell types and potentiate a certain 
biological response on the other hand. This has to be considered, depending on 
whether a therapeutic approach or a certain cellular signaling function is in the main 
focus of research. Furthermore, extrinsic stress factors like excessive GF 
supplementation are known to induce unwanted cellular responses like cellular 
senescence (Tominaga, 2015, Campisi and d'Adda di Fagagna, 2007). Therefore, a 
cell culture media that enables and supports the basic cellular crosstalk within the CC 
model might be favorable. As mentioned earlier, Santos and colleagues 
demonstrated the formation of vascular structures in CC models of HDMEC with 
osteoblastic cells in the complete absence of external GF like VEGF or bFGF 
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(Santos et al., 2007, Santos et al., 2009). This study highlights the angiogenic 
capacity of paracellular crosstalk in these models. Due to unspecific side effects in a 
physiological environment (Sullivan et al., 1998, Collantes and Younossi, 2005, 
Bommer et al., 1987), external GF supplementation is critical in a therapy-relevant 
context. Therefore, the present study focused on the development of a sequential 
medium strategy, based on minimal GF supplementation to address angiogenesis 
and osteogenesis in a common CC system.  

1.8 Aim of the study 

The development of new candidate materials and strategies for the enhancement of 
prevascularization, osteogenic differentiation and osteo-integration are key points for 
the establishment of successful bone tissue engineering (BTE) strategies. It is well 
known that 3D biomaterials exhibit an increased ingrowth and bone regeneration 
capacity upon implantation in vivo when pre-seeded with stromal precursor cells. The 
same is true for 3D scaffolds that carried an in vitro pre-formed vascular bed. It is 
thus likely that a therapeutic approach which would combine the osteogenic potential 
of pre-seeded osteogenic precursor cells with a pre-formed vascular bed might be a 
promising strategy to enhance the osteo-regenerative capacity of 3D biomaterials. 
Therefore, the aim of the present study was to develop the basis for a perfusion-
based 3D CC model that allows for the generation of prevascularized and 
osteogenically primed tissue engineering constructs. Based on previously published 
results (Gotman et al., 2013) the osteogenic differentiation of MSC was evaluated 
under dynamic conditions on 3D tNiTi scaffolds using a state-of-the-art technology. 
3D tNiTi scaffolds permit osteogenic differentiation of MSC under static conditions 
and represent a promising candidate material for BTE applications, based on their 
bone-mimicking properties. The present study aimed to transfer the obtained results 
to a CC of MSC with EC with a view to investigate the possibility of simultaneously 
stimulating osteogenesis and angiogenesis. CC systems exhibit complex autocrine 
and paracrine signaling and represent a multiparametric complex in which different 
parameters are affected in a multi-dimensional way. To identify key parameters and 
characterize their functional ranges a scaling-down from 3D to 2D was performed. 
This should allow a screening of medium in order to identify single factor interactions 
in a simultaneous stimulation approach, while excluding gradients and mechanical 
stimuli occuring in a dynamic 3D microenvironment. In addition, further studies were 
aimed at investigating a sequential approach, in which the osteogenic differentiation 
of MSC and the induction of vascular network formation were sequentially stimulated 
in a manner similar to the sequential phases of the fracture healing process in vivo. 
These studies have demonstrated that the paracellular crosstalk of MSC with EC can 
be manipulated using a sequential tissue engineering approach, in order to generate 
prevascularized osteogenic tissue constructs in vitro in short time periods of cell 
culture. 
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2 Materials & Methods 

2.1 Materials 

2.1.1 Devices 

Table 1: Devices 

Devices Model Company 

Analytical balance AI205 Sartorius 
Balance  LC420  Sartorius  
Cell counter  CASY – TTC  Roche  
Cell culture incubator C200 Labotect 
Centrifuge  Megafuge 1.0  Heraeus  
Flow cytometer  FACSCalibur  BD Biosciences  
Microplate reader  GENios Plus  Tecan  
Freezing container Mr. Frosty  Nalgene 
Handoperator Vacuboy ibs|tecnomara 
Hand pipettes 0.2 µL – 1000 µL Gilson 
Heating cabinet  Thermo Scientific 
Liquid nitrogen tank  MVE Cryosystem 3000  German-Cryo  
Magnet Dynal MPC-1 Dynal Biotech 
Microcentrifuge 120 Hettich Zentrifugen 
Microcentrifuge Galaxy Mini VWR 
Microplate washer  Hydro Control Tecan 
Multipipette Plus Eppendorf 
Neubauer chamber Neubauer improved Marienfeld 
pH-meter  Inolab pH 730  WTW 
Pipette aid Pipetboy Integra Biosciences 
Power supply Power pac 3000 Bio-Rad 
Rolling mixer  RM5  Karl Hecht GmbH  
Shaker  UNIMAX1010  Heidolph  
Steam sterilizer  Varioklav Typ 500  HP Labortechnik 
Sterile hood LaminAir® HB2448 Heraeus 
Sterilizer  Type 18115300002020  WTC Binder 
Perfusion bioreactor U-CUP Cellec Biotek 
Vacuum system Vacusafe ibs|tecnomara 
Vortexer  Vortex Genie-2 Scientific Industries 
Waterbath   Medingen 
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2.1.2 Microscopes 

Table 2: Microscopes 

Model Company 

BZ-9000 Widefield Microscope Keyence 
CTR6000 Widefield Microscope Leica 
TCS SP2 Confocal microscope Leica 
M205 FA Stereo Microscope Leica 
Eclipse TS100 Nikon 
ESEM Quanta 200 FEG FEI 
EDX INCA 350 Energy Oxford Intruments 

2.1.3 Consumables 

Table 3: Consumables 

Consumable Company 

1.5 ml, 2 ml safelock tubes Eppendorf, Hamburg 
24-well Transwell® systems Corning, Chelmsford St. Lowell 
25 cm2, 75 cm2 cell culture flasks Greiner bio-one, Frickenhausen 
15 ml, 50 ml tubes Greiner bio-one, Frickenhausen 
5 ml Polystyrene Round-Bottom Tube 
(FACS Tubes) 

Corning 

12-, 24-, 96-well cell culture plates TPP, Trasadingen 
12-, 24-, 96-well cell culture plates Greiner bio-one, Frickenhausen 
Bare Cannula BD 
Cell Strainer BD Falcon 
Combitips Plus® 2.5 mL, 5 mL, 10 mL Eppendorf 
Cover slips, 24x50mm Menzel, Braunschweig 
Cryovials Nalgene, Rochester 
Cryo Babies® Diversified Biotec 
Glass pasteur pipettes VWR 
Interlink system injection site Baxter Healthcare 
Lab Gloves Semper Care 
Nunc MaxiSorp® flat-bottom 96-well 
plates 

Thermo Scientific, Bonn  

Nunc Thermanox™ coverslips  Thermo Scientific, Bonn  
Parafilm Bemis Felxible Packaging 
Pipet tips Greiner bio-one, Frickenhausen 
Scalpels  Braun, Tuttlingen  
Serological pipettes 2.5 mL, 5 mL, 
10 mL, 25 mL  

Greiner bio-one, Frickenhausen 

Syringes Omnifix 3 mL, 10 mL Braun 
Syringe filters 0.2 µm  Nalgene, Rochester  
U-CUP Disposable bioreactor  Cellec Biotek AG 
U-CUP scaffold adaptors 8 mm Cellec Biotek AG 
Waste bags Roth GmbH 
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2.1.4 Chemicals 

Table 4: Chemicals 

Chemical Company 

Aqua dest Braun 
Acetone Riedel deHäen 
Acetic acid Riedel deHäen 
Alcian blue Chroma 
Ascorbic acid 2-phosphate Sigma-Aldrich 
β-glycerol phosphate Sigma-Aldrich 
BSA fraction V GE Helathcare 
Dexamethasone Sigma-Aldrich 
Diethanolamine Sigma-Aldrich 
EDTA Sigma-Aldrich 
Ethanol 100 % Roth GmbH  
FACS Clean Solution  BD Biosciences, Franklin Lakes  
FACS Rinse Solution  BD Biosciences, Franklin Lakes  
FACSFlow™ BD Biosciences, Franklin Lakes  
Fluoromount-G™ Southern Biotech, Birmingham  
HEPES  Sigma-Aldrich, St. Louis  
Hoechst 33342 Sigma-Aldrich, St. Louis  
Methanol Fisher Scientific 
NaCl Merck, Darmstadt  
NaOH Sigma-Aldrich 
Oil Red O Sigma-Aldrich 
PFA  Merck, Darmstadt  
Phalloidin-TRITC Sigma-Aldrich 
p-nytrophenol Sigma-Aldrich 
p-nytrophenyl phosphate Sigma-Aldrich 
Sodium thiosulfate Merck-Millipore 
Silver nitrate Merck-Millipore 
Triton X-100  Sigma-Aldrich, St. Louis  
Tween20  Serva, Heidelberg  
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2.1.5 Kits 

Table 5: Kits 

Kit Application Company 

BCA Protein Assay Kit Protein Quantification Pierce 

Osteogenesis Quantitation Kit Alizarin Red staining + 
Quantification 

Millipore 

Leucocyte Alkaline Phosphatase 
Kit 

Alkaline phosphatase 
activity staining 

Sigma-Aldrich 

VEGF DuoSet Kit ELISA R&D Systems 

Angiopoietin-1 DuoSet Kit ELISA R&D Systems 

Angiopoietin-2 DuoSet Kit ELISA R&D Systems 

BMP-4 DuoSet Kit ELISA R&D Systems 

Sircol Collagen Assay 
Quantification of total 

collagen 
Biocolor 

Calcium OCP 1+1 Kit Quantification of calcium Axiom Diagnostic 

AnnexinV Apopotosis Detection 
Kit  

Detection of apoptotic cells BD Pharmigen 

2.1.6 Histochemical solutions 

Von Kossa staining solution 
5 % silver nitrate in dH2O, sterile filtered, protected from light 

Thiosulfate solution 
5 % thiosulfate in dH2O, sterile filtered, protected from light 

ALP fixing solution (ALP activity staining) 
2.5 mL citrate solution (Leucocyte Alkaline Phosphatase Kit, Sigma-Aldrich), 6.5 mL 
acetone, 0.8 mL 37 % formaldehyde 

ALP activity staining solution 
0.1 mL alkaline Fast-Red-Violet solution (Leucocyte Alkaline Phosphatase Kit, 
Sigma-Aldrich), 0.1 mL sodium nitrite solution (Leucocyte Alkaline Phosphatase Kit, 
Sigma-Aldrich), 2 min incubation, 4.5 mL dH2O; 0.1 mL alkaline naphtol AS-BI 
solution (Leucocyte Alkaline Phosphatase Kit, Sigma-Aldrich) 

Alcian blue solution 
1% alcian blue in 3% acetic acid, sterile filtered, protected from light 
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2.1.7 Buffers 

Table 6: Buffers and working solution 

Buffer/Working solution Composition Application 

CS buffer 

0.1 M PIPES 
1 mM EGTA 
4 % PEG 
0.4 % NaOH 
pH 6.9 

3.7% PFA 

PBS 20x 

160 g NaCl 
4 g KCl 
4 g KH2PO4 
ad 1 l H2O 
working solution pH 7.2 
wash buffer: + 0.05% Tween20 

ELISA 

Reagent Diluent 
1 x PBS  
1 % BSA 
pH 7.2 – 7.4 

ELISA 

RIPA Buffer 

150 mM NaCl 
1 mM EDTA 
1 % sodium deoxycholate 
0.1 % SDS 
1 % TRITON X-100 
1 mM PMSF 
1:1000 protease inhibitor 

Isolation of 
protein 

Buffy Coat Buffer 
2.5 ml FCS 
2ml EDTA (2mM) 
adjust to 1 L PBS 

Isolation of OEC 

ALP substrate buffer 
1M diethanolamine 
pH 9.8 (HCl) 
protected from light 

ALP activity 
assay 

ALP substrate solution 
0.2 % p-nytrophenyl phosphate 
In ALP substrate buffer 

ALP activity 
assay 

ALP stop solution 2 M NaOH 
0.2 mM EDTA 

ALP activity 
assay 
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2.1.8 General cell culture media 

Table 7: General cell culture media 

Medium Company Supplements 

Endothelial Cell Basal 
Medium MV (ECBM) 

PromoCell 
15% FCS 
100 U/ml / 1+00 µg/ml P/S 
28 mM HEPES 

Endothelial Cell Growth 
Medium MV (ECGM) 

PromoCell 

15% FCS 
100 U/ml / 1+00 µg/ml P/S 
28 mM HEPES 
10 mg/ml sodium heparin 
2.5 ng/ml bFGF 

Endothelial Cell Basal 
Medium-2 + BulletKit  
(= Endothelial Cell 
Growth Medium EGM2)  

Lonza 
 

10 ml FBS, 0.2 ml Hydrocortisone, 
2 ml hFGF, 0.5 ml VEGF, 0.5 ml 
IFG-1, 0.5 ml ascorbic acid, 0.5 ml 
hEGF, 0.5 ml Heparin 
(supplements from the kit) 
+ 25 ml FCS, 5 ml P/S 

Medium 199 Sigma-Aldrich 100 U/ml / 100 µg/ml P/S 

DMEM/F12, GlutaMAX Gibco 
10 % FCS 
1 % P/S 

αMEM, GlutaMAX Gibco 
αMEM, GlutaMAX  
10 % FCS 
1 % P/S 

StemPro osteogenic 
differentiation medium 

Gibco Osteogenic supplements 

StemPro adipogenic 
differentiation medium 

Gibco Adipogenic supplements 

StemPro chondrogenic 
differentiation medium 

Gibco Chondrogenic supplements 
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2.1.9 Special cell culture media  

Table 8: Special cell culture media 

Special Medium Supplements 

MSC expansion medium 
DMEM/F12, GlutaMAX 
10 % FCS 
1 % P/S 

Basal medium (Basal) 
αMEM, GlutaMAX 
10 % FCS 
1 % P/S 

Osteogenic differentiation medium 

(ODM) 

αMEM, GlutaMAX 
10 % FCS 
1 % P/S 
100 nM dexamethasone 
10 mM β-glycerol phosphate 
50 µM ascorbic acid 2-phosphate 

ODM-Dex 

αMEM, GlutaMAX 
10 % FCS 
1 % P/S 
10 mM β-glycerol phosphate 
50 µM ascorbic acid 2-phosphate 

ODM-βGP 

αMEM, GlutaMAX 
10 % FCS 
1 % P/S 
100 nM dexamethasone 
50 µM ascorbic acid 2-phosphate 
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2.1.10  Cell culture solutions 

Table 9: Cell culture solutions 

Solution Company 

Albumin solution, 35% in DPBS  Sigma-Aldrich  
bFGF Sigma-Aldrich 
Collagen type I, rat tail  BD Biosciences,  
DMSO  Sigma-Aldrich  
Dulbecco´s phosphate buffered saline  Sigma-Aldrich  
Dynabeads®CD31  Invitrogen 
Fetal calf serum  Sigma-Aldrich  
Fibronectin  Roche  
Gelatin Sigma-Aldrich  
GlutaMAX-I  Gibco  
Penicillin/Streptomycin mix  PromoCell  
Sodium heparin Sigma-Aldrich  
Versene Gibco 

2.1.11  Primary human cells 

Table 10: Primary human cells 

Abbreviation Type Origin / Source 

MSC Mesenchymal stromal/stem cells Trabecular bone/ 
Femoral head 

OEC Outgrowth endothelial cells Peripheral blood 

HDMEC 
Human dermal microvascular 
endothelial cells Human foreskin 

HUVEC 
Human umbilical vein endothelial 
cells Umbilical vein 

2.1.12  Cell lines 

Table 11: Cell lines 

Abbreviation Type Origin / Source 

ISO-HAS-1 Human endothelial cell line 
Human 
hemangiosarcoma / 
Unger et al. 2002 
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2.1.13 Enzymes 

Table 12: Enzymes 

Enzyme Company 

Accutase PromoCell 
Versene Gibco 
Dispase Gibco 
Streptavidin-HRP  Amersham Pharmacia Biotech 

Trypsin 2.5% Gibco 
Trypsin-EDTA 0.25% Gibco 
Collagenase (fr. clostridium histolyticum) Sigma-Aldrich 

2.1.14  Primary antibodies 

Table 13: Primary antibodies 

Antibody Company Dilution Application Cat.No. 

Mouse anti-human 
Collagen type IV 

Sigma- 
Aldrich 

1:50 IF C1926 

Mouse anti-human 
Laminin 

Sigma- 
Aldrich 

1:50 IF L8271 

Mouse anti-human  
CD31 Dako 1:50 IF M0823 

Rabbit anti-human  
vWF Dako 1:500 IF A008202 

Rabbit anti-human 
Collagen type I 

Meridian 
Life 

Science 
1:50 IF T40103R 

Rabbit anti-human 
Collagen type I GeneTex 1:50 IF GTX41286 

2.1.15  Secondary antibodies 

Table 14: Secondary antibodies 

Antibody Company Dilution  

Alexa Fluor®488 donkey anti-goat Invitrogen, Carlsbad 1:1000 
Alexa Fluor®488 donkey anti-rabbit Invitrogen, Carlsbad 1:1000 
Alexa Fluor®488 goat anti-mouse Invitrogen, Carlsbad 1:1000 
Alexa Fluor®546 goat anti-rabbit Invitrogen, Carlsbad 1:1000 
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2.1.16 Antibodies for flow cytometry 

Table 15: Antibodies for flow cytometry 

Antigen Fluorophore Company 

CD105 FITC Miltenyi Biotec 
CD34 FITC Miltenyi Biotec 

CD11b FITC eBioscience 
HLA-DR APC Miltenyi Biotec 

CD45 FITC Miltenyi Biotec 
CD73 APC Miltenyi Biotec 
CD90 FITC Miltenyi Biotec 
CD31 APC Miltenyi Biotec 

CD146 FITC Miltenyi Biotec 
CD146 PE Becton/Dickinson 
CD44 FITC Miltenyi Biotec 
CD29 APC Miltenyi Biotec 
CD29 PE Becton/Dickinson 
CD19 APC Miltenyi Biotec 

2.1.17  Isotype controls for flow cytometry 

Table 16: Isotype controls for flow cytometry 

Isotype Fluorophore Company 

IgG1 FITC Miltenyi Biotec 
IgG1 APC Miltenyi Biotec 
IgG1 PE Becton/Dickinson 
IgG1 FITC eBioscience 
IgG2a FITC Miltenyi Biotec 
IgG2a APC Miltenyi Biotec 

2.1.18  Software 

Table 17: Software 

Software Company 

ImageJ 1.47n  National Institute of Health, Bethesda, MD, 
USA 

FIJI Open Source 
GraphPad Prism 5.01 GraphPad Software Inc., La Jolla, CA, USA 
Photoshop CS5 12.0 x64 Adobe Systems GmbH, München, Germany 
CellQuestPro BD Biosciences, Heidelberg, Germany 
Microsoft Excel Microsoft, Redmond, WA, USA 
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2.2 Methods 

2.2.1 General cell culture  

2.2.1.1 Cultivation of cells 

For all experiments in the present thesis MSC, OEC, HUVEC and HDMEC were 
isolated from human bone marrow, peripheral blood, umbilical cord and foreskin, 
respectively, following established protocols (Fuchs et al., 2006, Jaffe et al., 1973, 
Kolbe et al., 2011, Peters et al., 2002). All cells were isolated according to the 
guidelines of the local ethics commission for informed consent. The entire cell 
culture-related workflow as well as all cell culture-related experiments were 
performed under sterile conditions in laminar flow work benches. All solutions and 
cell culture-related objects were either sterilized at 121°C and 2 bar for 20 minutes in 
an autoclave, at 180 °C for 30 minutes in a hot air  oven or filtered through 0.2 µm 
sterile filters prior to its use, if not delivered sterile from the manufacturer. All cell 
culture experiments were performed under standard conditions at 37°C, 5 % CO 2 
saturation and 95 % humidity in a CO2 incubator. The cell cultures were continuously 
monitored microscopically and only used if free of visual contamination and following 
phenotypic characterization (see below). 

2.2.1.2 Passaging of cells 

For further studies, the various endothelial cells were harvested at a confluence of 90 
to 100 % and MSC when cells had reached a confluence of approximately 80 %. For 
this, cells were trypsinized by incubation in 1 mL trypsin/EDTA mixed with 1 mL of 
PBS for 5 minutes at 37°C. The process was controll ed by microscopic observation. 
After complete cell detachment, trypsin was inactivated by adding PBS containing 10 
% FCS. The cell suspension was transferred into 15 mL Falcon tubes and 
centrifuged at 400 x g for 5 minutes. The cells were resuspended in cell-type specific 
cell culture medium (Table 18) and were then seeded into uncoated (MSC) or coated 
(HDMEC: gelatin; OEC: fibronectin; HUVEC: gelatin; ISO-HAS-1: uncoated) T75 
flasks. Passaging was performed using cell type-specific splitting ratios (Table 18). 

Table 18: Summary of cell type specific culture conditions 

Cell Type Coating Medium Splitting Ratio Range of Passages  

bmMSC uc ExpM 1:4 3-6 

HDMEC Gelatin ECGM 1:3 Max. P3 

OEC FN EGM-2 1:3 5-20 

HUVEC Gelatin M199 1:3 Max. P3 

ISO-HAS-1 uc ECGM 1:3 20-50 
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2.2.1.3 Freezing, long-term storage and thawing of cells 

First, cells were harvested by trypsinization, washed in PBS containing 10 % FCS 
and centrifuged at 400 x g for 5 minutes. To avoid cell damage due to ice crystal 
formation the cell pellet was resuspended in freezing medium consisting of 10 % 
DMSO and 90 % FCS and transferred into cryogenic vials. For a controlled cooling-
down the cryogenic vials were stored in a Mr. Frosty Freezing Container, 
guaranteeing a constant freezing rate of -1°C/minut e. After keeping the container at -
80°C for additional 24 h the vials were transferred  into liquid nitrogen for long-term 
storage at -196°C. Frozen cells were thawed by rapi dly placing the cryogenic vials 
after removal from liquid nitrogen into a 37˚C water bath for two minutes and 
transferring the thawed cell suspension into 15 mL Falcon tubes containing 
preheated medium. The suspension was subsequently centrifuged at 400 x g for 5 
minutes. The supernatant was discarded and the cell pellet was resuspended in fresh 
expansion medium (cell-type specific; see Table 18). Following this, the cell number 
was determined using a hemocytometer. Dead cells were excluded using the dye 
exclusion method. Generally, 100 µL of the cell suspension were mixed with 150 µL 
PBS and 250 µL of a 0.4 % trypan blue staining solution to give a final 1:5-dilution of 
the suspension. Cells were incubated in this suspension for 5 minutes at room 
temperature in order to allow for penetration of the trypan blue into dead cells. The 
total number of viable cells was calculated using Equation 1. The cells were seeded 
at a density of 10.000 cells/cm2 in uncoated T75 flasks. Medium was replaced every 
second to third day. 

Equation 1: 

Total	number	of	viable	cells	per	mL �
cells	of	four	large	squares

4
� 	dilution � 10�  

2.2.2 Isolation of primary human cells and cell lines 

2.2.2.1 Mesenchymal stem cells (MSC) 

Primary human mesenchymal stem cells were isolated from cancellous bone 
fragments of the femoral head of patients that underwent hip transplantation at the 
Zentrum für Orthopädie und Unfallchirurgie at the University Medical Center, Mainz, 
Germany. All cells were isolated from healthy male or female donors between the 
ages of 20 to 90 years according to the ethical guidelines of the University Medical 
Center Mainz. First, the femoral head was washed three times in PBS, supplemented 
with 1 % P/S and transferred into a 15 cm petri dish containing fresh DMEM/F-12-
GlutaMAX® medium, supplemented with 20 % FCS and 1 % P/S. From the center 
region of the femoral head small bone fragments were pinched off using a bone 
rongeur. The bone fragments were transferred into a 50 mL falcon tube using a 
sterile forceps and washed three times with PBS containing 1 % P/S to wash out 



Materials & Methods 

40 
 

bone marrow associated cells. All PBS used was collected in 50 mL Falcon tubes 
and subsequently filtered through a cell strainer with a pore size of 40 µm. The 
filtered PBS containing small matrix fragments and sheared off cells was centrifuged 
at 400 x g for 5 minutes. Afterwards the supernatant was discarded and the 
remaining cell pellet was resuspended in DMEM/F-12-GlutaMAX® (20 % FCS, 1 % 
P/S). The total cell number was determined using a hemocytometer. The cells were 
subsequently seeded into uncoated T75 flasks at a density of 10,000 cells/cm2. 
Medium exchange was performed every day until the first passage using DMEM/F-
12-GlutaMAX® supplemented with 20 % FCS, 1 % P/S and 5 ng/mL bFGF in 
passage 0. When reaching passage 1 the concentration of FCS was reduced to 10 % 
while keeping the other supplements constant. After this, medium was changed 
every second or third day. 

2.2.2.2 Dermal microvascular endothelial cells (HDMEC) 

Primary HDMECs were isolated according to the ethical guidelines of the University 
Medical Center Mainz from explanted foreskin. The biopsy specimen was first 
washed two times with sterile PBS, whereby large blood vessels and connective 
tissue were removed with scissors and forceps, until finally the skin sample was 
flattened. Following this preliminary purification, the skin was cut into small pieces of 
approximately 2 x 2 mm size and transferred into a 15 mL Falcon tube. Five milliliter 
of a 2,36 U/mL dispase solution were added to the Falcon tube. The segments were 
incubated overnight at 4°C. The next day the dispas e solution was discarded and the 
foreskin pieces were transferred into a sterile dish and the epidermis was removed 
using a sterile forceps. The remaining dermis pieces were transferred into a new 50 
mL Falcon tube and covered with 5 mL of a 0,48 mM Versene solution containing 80 
µL of a 2,5 % trypsin solution. The cap of the Falcon tube was tightly sealed with 
parafilm, after which the tube was incubated for 2 h at 37°C in a water bath to further 
digest the tissue samples. The digestion was stopped by adding 2 mL FCS to the 
tube and adding sterile PBS to a total volume of 40 mL. The resulting suspension 
containing separated cells and tissue fragments was transferred to a sterile dish, 
where the fragments were squeezed with the back end of a sterile syringe to remove 
additional cell material. The suspension was filtered through a 100 µm cell strainer to 
remove remaining tissue fragments. The filtered cell suspension was centrifuged for 
5 minutes at 1200 rpm at room temperature. The resulting cell pellet was 
resuspended in 10 mL endothelial cell growth medium (ECGM, Endothelial Cell 
Basal Medium + 15 % FCS, + 1 % Penecillin/Streptomycin, + 10 µg/mL sodium 
heparin, + 2,5 ng/mL bFGF) and plated onto a gelatin coated T75 cell culture flask. 
This stage was referred to as passage 0 (P0). To allow for cell attachment the flask 
was incubated at standard cell culture conditions (5 % CO2, 37°C, 95 % humidity) for 
24 h. Following this phase, the medium was changed. The cells were cultivated until 
a confluent monolayer of endothelial cells grew out and exhibited a typical 
cobblestone-like morphology. In parallel, the medium was changed every 4 to 5 days.  
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2.2.2.3 Outgrowth endothelial cells (OEC) 

OEC were isolated from peripheral blood buffy coats collected from healthy male or 
female donors of varying age donated by the Transfusionszentrale der 
Universitätsmedizin Mainz, Germany. The mononuclear cell fraction was first 
separated by density gradient centrifugation from the peripheral blood. For this, 15 
mL of Ficoll® solution with a specific density of 1.077 g/mL were transferred into a 50 
mL Falcon tube and carefully overlayed with 35 mL of the buffy coat mix. The buffy 
coat mix was prepared by diluting blood from the buffy coat in buffy coat buffer (PBS 
+ 0.5 % FCS + 2 mM EDTA) in a proportion of 1:2. Subsequently the overlay was 
centrifuged at 400 x g for 35 minutes at room temperature with the brake kept off. 
The process resulted in an orientation of the cell fractions along the density gradient, 
in which the erythrocytes and granulocytes are found on the bottom of the Falcon 
tubes, followed by the Ficoll® phase, the whitish interphase and the phase of 
remaining plasma mixed with buffer on top. The plasma-buffer phase containing 
thrombocytes was discarded, whereas the interphase containing the mononuclear 
cell fraction (the whitish interphase) was carefully removed and transferred to a new 
Falcon tube. The cells were washed in 50 mL PBS and centrifuged at 400 x g for 10 
minutes. The washing step was repeated two times. The remaining cell pellet was 
finally resuspended in endothelial cell growth medium (EGM2) containing the 
supplements from the kit, 5 % FCS and 1 P/S. From the cell suspension the cell 
number was determined using a hemocytometer. Following this, 5 x 106 cells per well 
were seeded on collagen I-coated (10 µg/mL) 24-well cell culture plates and 
cultivated under cell culture conditions. Medium exchange was performed every 
second day. After one week of cultivation the cells were detached by trypsinization, 
washed and seeded at a density of 0.5 x 106 cells per well on fresh fibronectin-coated 
(10 µg/mL) 24-well cell culture plates and cultivated further for 2 to 3 weeks. During 
this cultivation phase colonies of late outgrowth endothelial cells with a typical 
cobblestone-like morphology developed. These colonies were finally detached, 
pooled and re-seeded onto fibronectin-coated 24-well cell culture plates for 
expansion. The passaging of OEC was continued at a splitting ratio of 1:2 until the 
desired cell number was reached. Outgrowth endothelial cells of passage 5 to 20 
were used in the studies. 

2.2.2.4 Umbilical vein endothelial cells (HUVEC) 

HUVECs were isolated from the veins of umbilical cords (UC) by enzymatic digestion. 
The UC were obtained after delivery and placed in transport buffer consisting of 
HEPES buffer supplemented with 1% (Pen/Strep), 1 % Ciprofloxacin Kabi and 
1% Fungizone. The isolation of HUVEC from UC was done within 4d. Initially, the 
transport buffer was discarded and residues of blood were removed from the UC. 
Small slices were removed from both ends of the UC using a sterile scalpel and 
subsequently a blunt cannula was inserted into the center of the UC. Following this, 
the UC was flushed three times with HEPES buffer using a sterile syringe and 
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afterwards filled with enzymatic solution (0.05 % collagenase type I in HEPES buffer) 
using a fresh syringe. The cannulas were sealed and the UC was incubated for 15 
minutes in a 37°C incubator. Following the incubati on period, the enzymatic solution 
was transferred into a sterile 50 mL Falcon tube. The UC was flushed 3 additional 
times with HUVEC medium and carefully kneaded between the flushing steps. All 
medium used for the flushing was collected in the 50 mL Falcon tube. The resulting 
cell suspension was centrifuged at 390 x g for five minutes and the resulting cell 
pellet was resuspended in M199 medium supplemented with 20% FCS, 1% 
Pen/Strep, 0.34 % GlutaMAX®-I, 25 µg/ml endothelial cell growth supplement 
(ECGS) and 25 µg/ml sodium heparin. The cells were seeded on T25 flasks pre-
coated with 0.2 % gelatin and cultivated under cell culture conditions referred to as 
P0. Medium was replaced every 2 to 3 days.   

2.2.2.5 Endothelial cell line ISO-HAS-1 

The endothelial cell line ISO-HAS-1 was derived from a single-cell clone expansion 
from the original ISO-HAS cell line isolated from a human hemangiosarcoma 
(Masuzawa et al., 1999, Unger et al., 2002). The ISO-HAS-1 cell line was used to 
evaluate experimental observations obtained from experiments with primary EC. For 
studies, ISO-HAS-1 cells were cultivated in ECGM.     

2.2.3 Cell culture procedures 

2.2.3.1 Characterization of human mesenchymal stem cells 

Human MSC were characterized by flow cytometry and determination of the extent of 
their trilineage differentiation potential. Flow cytometry was used to determine the 
expression pattern of several surface markers according to a guideline of the ISCT 
for the isolation and characterization of mesenchymal stem cells (Dominici et al., 
2006). For this, each MSC donor was analyzed for the expression of CD11b, CD19, 
CD29, CD31, CD34, CD44, CD45, CD73, CD90, CD105, CD146 and HLA-DR after 
thawing and expansion, prior to its use in any experiments. Additionally, each donor 
cell fraction was analyzed in a differentiation assay for its ability to differentiate into 
adipocytes, chondrocytes and osteoblasts. The differentiation assays were 
performed in 24-well cell culture plates or as pellet cultures (chondrogenic 
differentiation) using the commercially available StemPro® adipocyte or 
chondrocyte/osteocyte differentiation medium supplemented with adipogenic, 
condrogenic or osteogenic supplements from the kit, respectively. 

2.2.3.2 Induction of osteogenic differentiation using customized medium 

The osteogenic differentiation was induced by adding 100 nM dexamethasone, 
10 mM β-glycerol phosphate and 50 µm ascorbic acid-2-phosphate to the cell culture 
medium, yielding an osteogenic differentiation medium (ODM). In experiments 
comparing the influence of the basal medium on the degree of osteogenesis 
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DMEM/F-12-GlutaMAX, αMEM-GlutaMAX2 containing 2 mM GlutaMAX and αMEM-
GlutaMAX10 containing 10 mM GlutaMAX were used as basal medium for ODM. In 
experiments evaluating the impact of storage of the osteogenic supplements on the 
osteogenic differentiation DMEM/F-12-GlutaMAX and αMEM-GlutaMAX2 were used 
as basal medium for ODM. In all following experiments αMEM-GlutaMAX2 was used 
as basal medium in ODM. In addition to adding osteogenic supplements, ODM was 
further supplemented with 10 % FCS and 1 % P/S in all experiments. For the 
induction of osteogenesis in cell seeding density (CSD)-dependent experiments cell 
seeding densities of 3,000, 10,000, 20,000, 50,000, 100,000 and 200,000 MSC/cm2 
were investigated. For all other studies a CSD of 20,000 MSC/cm2 was applied.   

2.2.3.3 Osteogenic differentiation on two dimensional cell culture plastics 

All 2D experiments were performed in 24-well cell culture plates. Basically, 20.000 
MSC/cm2 were seeded on uncoated wells and cultivated for 24 hours in expansion 
medium to allow for adherence, after which the medium was changed to ODM. The 
medium was exchanged every second to third day during a cultivation period of 28 
days. The degree of osteogenesis in 2D experiments was assessed by quantification 
of calcium deposition using Alizarin Red (AR) staining and the deposition of 
phosphate using von Kossa (VK) staining. Additionally, all samples were stained for 
the expression of the alkaline phosphatase (ALP).  

2.2.3.4 Osteogenic differentiation on three dimensional scaffolds 

The osteogenic differentiation of MSC in 3D was investigated on trabecular Nitinol 
(tNiTi) scaffolds produced by the Department of Materials Science and Engineering, 
Technion Israel Institute of Technology, Haifa, Israel according to the method 
published by Gotman and colleagues (Gotman, 2010). All scaffolds were seeded 
dynamically in MSC expansion medium using a flow velocity of 1000 µm/s according 
to the protocol previously reported for expanded MSC using a U-CUP perfusion 
bioreactor (Sadr et al., 2012). The scaffolds were seeded with 20.000 MSC/cm2 over 
a period of 24 h to allow for adherence. After this, the medium was changed to ODM. 
Scaffolds that served as static controls were transferred into an upright T25 flask. 
Scaffolds that served as basal controls were cultivated in basal medium without the 
addition of osteogenic supplements. All dynamic differentiation experiments were 
performed over a period of 28 days in a total volume of 7 mL. The medium was 
exchanged once a week. The degree of osteogenesis on three dimensional scaffolds 
was assessed by i: the quantification of calcium deposition using calcium OCP 1:1 
assay, ii: the quantification of the alkaline phosphatase activity, iii: the 
immunofluorescent staining of the osteogenesis-specific protein collagen I, and iv: 
the quantification of the total intracellular collagen content (TIC). 
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2.2.3.5 Co-cultivation of MSC with EC to induce vascularization 

Co-cultures (CC) of MSC with EC were performed using a constant MSC CSD of 
20,000 MSC/cm2 seeded onto gelatin-coated cell culture plastics in MSC expansion 
medium. Following 24h to allow for cell attachment, EC were added in endothelial 
cell growth medium. This event represented the time point t = 0d. The co-cultures 
were performed for 7 to 14d in ECGM. For experiments investigating different CSR in 
CC of MSC with HDMEC, the CSD of HDMEC was lowered from 80,000 to 40,000, 
13,333 and 5,000 EC/cm2 representing a CSR of 1:4 (Unger et al., 2010, Unger et 
al., 2007), 1:2, 1:0.66 (Dohle et al., 2010, Dohle et al., 2011, Fuchs et al., 2009b, 
Kolbe et al., 2011, Li et al., 2014) and 1:0.25.  

2.2.3.6 Osteogenic co-cultivation of prevascularized MSC/EC co-cultures 

The osteogenic co-cultivation (oCC) was used to induce osteogenic differentiation of 
MSC in prevascularized MSC/EC CC. The oCC represents a switch of the cell culture 
medium from ECGM to ODM following a prevascularization phase of 7d or 14d.  

2.2.4 Calcium assays and immunohistochemical methods 

2.2.4.1 Quantification of matrix mineralization using Alizarin Red (AR) staining 

On account of its binding affinity to calcium ions, Alizarin Red staining was used to 
visualize and quantify the calcium deposition in 2D osteogenic differentiation 
cultures. For this, the corresponding samples were fixed with 3.7 % PFA for 10 
minutes and washed two times with fresh PBS. Subsequently, 500 µL of the AR 
solution were added to each well and incubated for 20 minutes at room temperature. 
After this, the supernatant was discarded and the samples were washed three times 
with de-ionized water. Mild shaking was applied during the 5 minutes washing steps. 
After unbound AR was washed away, 500 µL of fresh PBS was added. The resulting 
red-colored calcium deposition of each sample was monitored using a transmitted 
light microscope. Samples prepared in 24-well cell culture plates were monitored as 
merged images, consisting of 48 single images recorded as 8 bit gray scale value 
images. For all merge processes the same coordinates for the microscopic stage 
were used.  Following this, 300 µL of 10 % acetic acid were added to the wells and 
incubated for 10 minutes. Afterwards the samples were shaken intensely and the 
supernatant was transferred into eppendorf cups and heated up to 95°C for 5 
minutes. Subsequently, the absorption of each sample was measured at a 
wavelength of 405 nm. The final concentration of AR was determined from a 
standard dilution from the AR stock solution supplied with the kit. 

2.2.4.2 Quantification of calcium deposition using OCP 1:1 assay  

The Calcium OCP 1:1 assay was used for the quantification of calcium in the 
mineralized matrix of 3D osteogenic scaffolds. For this, the calcium fraction was 
dissolved by incubation of the samples in 1 M HCl for 10 minutes. Three dimensional 
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samples were prepared by adding 300 µL of 1 M HCl to a scaffold fragment. From 
the acidic solution 20 µL were transferred into a well of a flat-bottomed 96-well cell 
culture plate and incubated with 100 µL of a working solution consisting of a 1:1 
mixture of the buffers R1 and R2 supplied with the kit. After 5 minutes of incubation 
at room temperature the absorbance of each well was measured at a wavelength of 
560 nm using a TECAN Genios plus microplate reader. The concentration of each 
sample was determined by correlation of the mean value of triplicate measurements 
with a standard curve. 

2.2.4.3 Staining of phosphate deposition using Von Kossa (VK) staining 

During VK staining phosphate is exchanged against silver ions resulting in a 
brownish/black staining when samples are exposed to light. Initially, the samples 
were fixed with 3.7 % PFA for ten minutes. Following this, the corresponding 
specimens were washed three times with deionized water and subsequently 
incubated for one hour in 500 µL of a 5 % silver nitrate solution under exposure to 
light. Following this, the samples were washed again three times with deionized 
water and incubated for two minutes in 500 µL of 5 % thiosulfate solution. Afterwards, 
the specimens were washed again and finally covered with 500 µL of deionized 
water. Microscopic images were obtained immediately after the sample preparation. 
Samples prepared in 24-well cell culture plates were monitored as merged images 
consisting of 48 single images recorded as 8 bit gray-scale value images. For all 
merging processes the same coordinates for the microscopic stage were used.  

2.2.4.4 Alcian Blue (AB) staining 

The Alcian Blue (AB) staining was performed to visualize the deposition of 
glycosaminoglycans (GAG) during the chondrogenic differentiation of MSC or in co-
cultures of MSC with HDMEC in 24-well plates. For this, the corresponding samples 
were fixed in 3.7 % PFA for 10 minutes and subsequently washed 3X using 
deionized water. Each well was covered with 500 µL of a 1 % AB solution (1 g of AB 
dissolved in 3 % acetic acid solution) and incubated for 20 minutes. Following this, 
the supernatant was discarded and the samples were washed 5 times with deionized 
water. Finally, the wells were air-dried and monitored using a stereomicroscope in 
transmitted light mode.   

2.2.4.5 Non-fluorescent staining of the alkaline phosphatase 

This staining was performed using the Leucocyte Alkaline Phosphatase Kit. The 
samples were first fixed with 300 µL of ALP-fixation solution for 30 seconds. 
Subsequently, the wells were washed 3X with PBS and then incubated with the ALP-
staining solution for 15 minutes protected from light. Afterwards, the wells were 
washed 3X with fresh PBS and finally covered with 500 µL of PBS after which 
microscopic images were obtained. 
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2.2.4.6 Oil Red O staining 

This staining was performed to demonstrate the existence of fatty droplets in 
differentiation cultures cultivated in StemPro adipogenesis differentiation medium (AP 
ADM). The first step was to dissolve 0.35 g of Oil Red O (OR-O) in 100 mL 
isopropanol to serve as a stock solution. From this stock solution 6 mL was mixed 
with 4 mL of deionized water resulting in a working solution that was stable for two 
hours. This working solution was always prepared fresh prior to use. Samples to be 
stained were fixed by adding 300 µL of 3.7 % PFA to each corresponding well for 10 
minutes. Afterwards, the wells were washed three times with PBS and incubated with 
500 µL of 60 % isopropanol for five minutes. Subsequently, the isopropanol was 
discarded and 500 µL of the working solution were added to each sample and 
incubated for 20 minutes. Following this, the supernatant was removed and 
discarded and the wells were washed 3X times with deionized water. Finally, all wells 
were examined microscopically and images were obtained using the Keyence BZ-
9000 fluorescence microscope. 

2.2.5 Protein Analyses 

2.2.5.1 Isolation of protein 

The total protein from multi-well cell culture plate samples as well as from scaffold 
samples was isolated by incubation of the sample in 500 µL of RIPA buffer for 10 
minutes. Prior to this a protease inhibitor cocktail was added fresh to the RIPA buffer. 
Subsequently, the protein lysates were transferred into fresh 1.5 mL eppendorf cups 
and stored at -20°C. The protein concentration was determined using the BCA kit. 

2.2.5.2 Determination of protein concentrations 

The colorimetric quantification of protein was performed using the BCA-
Protein_Assay_reagent-Kit in flat-bottomed 96-well cell culture plates. The protein 
concentration was assessed as the mean value of triplicate measurements. 
Substantially, all samples were pre-diluted 1:10 with PBS and 25 µL of the dilution 
were transferred to a well of a 96-well cell culture plate. To establish a calibration 
curve, a BSA standard was serially diluted and 25 µL of each dilution was transferred 
to the plate. Following this, 200 µL of a working solution containing 50 parts of 
reagent A and 1 part of reagent B from the kit were added to each of the wells. 
Furthermore, a blank sample containing 225 µL of PBS was prepared. The plate was 
sealed with parafilm and gently mixed on a shaker for 30 seconds. Afterwards, the 
sealed plate was incubated at 37°C for 30 minutes p rotected from light. Following a 
cooling phase to reach room temperature the absorption at wavelength of 550 nm 
was measured using a TECAN GENios plus microplate reader. 
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2.2.5.3 Flow cytometry 

In preparation for flow cytometry, the cells were detached by trypsinization, washed 
with PBS and centrifuged at 400 x g for 5 minutes. The supernatant was discarded 
and the cell pellet resuspended in warm cell culture medium, before the total cell 
number was determined using a hemocytometer. The total amount of cells needed, 
including 0.2 x 106 cells per staining, was transferred into a new 15 mL Falcon tube 
and centrifuged again at 400 x g for 5 minutes. The resulting cell pellet was 
resuspended in PBS containing 1 % BSA to allow for appropriate blocking of non-
specific antibody binding sites. The required volume of blocking solution was 
dependent on the number of single stains planned. Generally, each specific antibody 
staining was performed in a total volume of 90 µL in a 5 mL Falcon round-bottom 
tube (FACS tube). A total volume of 5 µL of each specific antibody or isotype control 
was added to the sample volume and incubated at 4˚C for 15 minutes. After this, 3 
mL of PBS were added and the suspension was centrifuged at 400 x g for 5 minutes. 
After discarding the supernatant, the resulting cell pellet was resuspended in 500 µL 
fresh PBS. The stained samples were immediately analyzed with the FACSCalibur 
flow cytometer using the CellQuest Pro Software. All samples to be analyzed were 
kept at 4 °C in the refrigerator. First, the voltag es of the forward scatter (FSC) and 
the sideward scatter (SSC) were adjusted, depending on the size of the cells. The 
photomultiplier tubes FL-1, FL-2, FL-3 and FL-4 were adjusted according to the 
fluorescence levels of the isotype controls. An intensity value of 101 was set as the 
intensity limit. Cells with fluorescence intensity above 101 were regarded as positive 
for the expression of a certain marker. In addition, a negative control represented by 
unstained cells of each donor and cell type was analyzed to determine the level of 
autofluorescence. Since all analyses were performed as single stains or double 
stains using a combination of FITC and APC-labeled antibodies no compensation of 
the PMT was necessary. All quantifications were performed from measurement 
duplicates in density plots based each on 50.000 events counted. 

2.2.5.4 Enzyme Linked Immunosorbent Assay ELISA 

ELISA was performed using R&D DuoSet® ELISA systems to detect and quantify 
GFs released into the supernatant of 2D and 3D cell culture systems. Initially, 100 µL 
of the capture antibody diluted in PBS were transferred into each well of a 96-well 
flat-bottom high protein-binding capacity plate. The plate was incubated overnight at 
room temperature. Afterwards the plate was washed 3X with wash buffer (PBS + 
0.05 % Tween20, pH 7.2 – 7.4) using an automated washer, and the supernatant 
removed. This was followed by the addition of 300 µL of reagent diluent (PBS + 1 % 
BSA, pH 7.2 – 7.4, 0.2 µm sterile filtered) to each well and incubation for 1 h to allow 
for appropriate blocking. Next, the plate was repeatedly washed with wash buffer (3x) 
and covered with 100 µL of standard solutions (standard diluted in reagent diluent), 
blank (reagent diluent) or sample solution (if stated dilution was performed in reagent 
diluent) to be incubated for 2 h at room temperature. The plate was repeatedly 
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washed with wash buffer after the incubation period. Afterwards, 100 µL of detection 
antibody (diluted in reagent diluent) were added to each well of the 96-well plate and 
incubated for 2 h at room temperature, after which three washing steps were 
performed. Then, 100 µL of streptavidin-HRP working solution were added to each 
well and incubated for 20 minutes in the dark. The plate was washed three times 
using wash buffer, and after the final wash 100 µL of substrate solution were added 
to each well and incubated for 20 minutes in the dark. The substrate conversion was 
stopped by adding 50 µL of stop solution (2 N H2SO4) to each well. Finally, the plate 
was measured at a wavelength of 450 nm using a microplate reader. The 
concentration of each GF was determined by correlation with the standard curve. The 
results are given as absolute mean concentrations (ng/mL) from three biological 
replicates. 

2.2.5.5 Alkaline phosphatase activity assay 

The activity of the alkaline phosphatase was measured from protein lysates. To carry 
out the assay, 20 µL of each sample were transferred into the well of a 96-well cell 
culture plate. All measurements were performed as triplicates. To each well 60 µL of 
the substrate solution were added. This solution was prepared fresh prior to its use 
by dissolving 0.2 % of p-nitrophenyl phosphate (p-NPP) in substrate buffer. The 
substrate buffer consisted of a 1 M diethanolamine HCl solution adjusted to a pH of 
9.8. After adding the substrate solution, the plate was sealed and incubated for 45 
minutes at 37°C protected from light. Subsequently,  80 µL of the stop solution were 
added to each well. The stop solution was prepared by mixing a 2 M NaOH solution 
with a 0.2 mM EDTA solution. Following this, a calibration curve was generated by 
serial dilution of a p-nitrophenol (p-NP) standard solution in stop solution. From each 
standard 160µL were transferred to the plate. Afterwards the absorbance of each 
well was measured at a wavelength of 405 nm using a TECAN GENios plus 
multiplate reader. The final ALP activity was determined by correlation of the sample 
values with the standard curve after subtraction of the blank value. 

2.2.5.6 Immunofluorescence staining 

For immunofluorescence (IF) staining all samples were fixed with 3.7 % 
paraformaldehyde (PFA) at room temperature for ten minutes, after which samples 
were washed 3X with fresh PBS. After this, the samples were covered with 500 µL 
PBS and incubated at 60°C for 1 hour for antigen re trieval. After a cooling period of 
20 minutes to reach room temperature the samples were washed again with PBS. To 
allow for appropriate blocking 500 µL of a blocking buffer consisting of PBS 
supplemented with 0.5 % triton X-100, 6 % FCS and 1 % BSA were added for 30 
minutes. Afterwards, the supernatant was discarded and 300 µL of the primary 
antibody diluted in antibody buffer consisting of PBS supplemented with 0.1 % trition 
X-100, 6 % FCS and 0.1 % BSA were added and incubated overnight at 4°C. 
Samples were then allowed to reach room temperature and were then washed 3X 
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with PBS, for five minutes each. Next, 300 µL of the secondary antibody diluted in 
antibody buffer were added to the samples and incubated for two hours at room 
temperature. Subsequently the samples were washed 3X with PBS and counter-
stained with DAPI diluted 1:5.000 in PBS for five minutes. The specimens were then 
washed 3X and finally covered with 500 µL of PBS. Images were captured using a 
Keyence BZ-9000 fluorescence microscope. 

2.2.5.7 F-actin staining using phalloidin-TRITC 

To stain F-actin on the cells, samples were fixed using 3.7 % PFA for 10 minutes and 
subsequently washed 3X using PBS. A blocking buffer consisting of PBS 
supplemented with 0.5 % triton X-100, 6 % FCS and 1 % BSA was then added to 
each sample for 30 minutes. Afterwards, the supernatant was removed and the 
samples were covered with 500 µL of phalloidin-TRITC staining solution (0.5 µg/mL 
phalloidin-TRITC in PBS + 1 % BSA) and incubated for 20 minutes at room 
temperature protected from light. Following this, the supernatant was removed and 
the samples were washed several times using PBS.   

2.2.5.8 Determination and quantification of apoptosis using AnnexinV 

For the determination of apoptotic cells in MC of HDMEC cultivated in ODM the 
AnnexinV kit was used according to the manufacturer’s protocol. First the cells were 
detached using trypsin and washed several times with cold PBS. After centrifugation 
of the suspension the resulting cell pellet was resuspended in binding buffer to give a 
final cell density of 1 x 106 cells/mL. A subvolume of 100 µL was transferred into a 
new FACS tube to which 5 µL of anti-AnnexinV-PE antibody and 5 µL of 7-Amino-
Actinomycin (7-AAD) were added to the tube and incubated for 15 minutes at room 
temperature protected from light. Following this, 1 mL of binding buffer was added to 
each tube and this was then centrifuged at 400 x g for 5 minutes. The resulting cell 
pellet was resupended in 400 µL binding buffer and immediately analyzed using a 
FACSCalibur flow cytometer and the CellQuestPro software. The PE signal was 
detected in FL2 while the 7-AAD signal was detected in FL3. 

2.2.6 Image Analyses 

2.2.6.1 Quantification of AR, VK and AB staining intensities 

Images of the stains were obtained as 8-bit gray scale value images using a Keyence 
BZ-9000 fluorescence microscope in the transmitted light mode. The quantification of 
gray scale value images of AR and VK stains was performed using the open source 
software FIJI based on ImageJ 1.47n. Basically, each merged image was analyzed 
at the single image level for the mean gray value using the batch analysis method. 
Since fixed coordinates were used during the image acquisition each single image 
represented a constant position in the resulting merged image. For the AB staining 
analysis, the stereomicroscopic images were analyzed on a whole. From each single 
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image (AR, VK or AB staining) the mean gray value (MGV) was quantified and 
subtracted from 28, the maximum number of gray values in an 8-bit gray scale value 
image, resulting in a value referred to as the gray value difference (GVD) in the 
present study. The same procedure was applied to the images of the corresponding 
basal controls using the same coordinates during image acquisition, whereby the 
control values were subtracted from the values of the differentiation cultures. The 
GVD was used to evaluate the degree of calcium, phosphate and GAG deposition in 
osteogenic differentiation cultures.  

2.2.6.2 Quantification of vessel-like structure formation 

The quantification of vessel formation by image analysis was based on 
immunofluorescence staining (IF) for CD31. Vascular structures were highly positive 
for the expression of CD31. Each stain was captured as 8-bit grey scale value 
images using a Keyence BZ-9000 fluorescence microscope. All images were 
processed using the open source software FIJI based on ImageJ 1.47n. First, 
background correction was applied using the rolling ball method according to 
Sternberg’s algorithm (Sternberg, 1983). This was followed by automated 
thresholding (Image � Adjust � Threshold) and transformation of the images into 
binary images. Using the Analyze Particles function (Analyze � Analyze Particles) 
objects with an area below 500 px2 and a circularity > 0.5 were excluded from the 
resulting mask image. The edges of the binary structures were smoothened using the 
Median function with a radius of 2 pixels (Process � Filters � Median). By repeating 
the Analyze Particles function for objects with an area above 500 px2 (to infinity) and 
a circularity < 0.3 the area of the analyzed particles is taken as a representation of 
the Vascular Area. Afterwards the mask image was transformed into a skeleton using 
a thinning algorithm by applying the Skeletonize function (Plugins � Skeleton � 
Skeletonize (2D/3D)). By applying the Analyze Skeleton (2D/3D) function the 
generated skeleton of the mask image was characterized for the number of networks, 
the mean network length, the total number of branches, the number of branches per 
network and the number of branch points per network. From each sample eight 
images were obtained in a clockwise direction containing one image from the center 
region.  

2.2.6.3 Quantification of F-actin using phalloidin-TRITC 

The quantification of F-actin by image analysis was based on immunofluorescence 
staining (IF) for F-actin using phalloidin-TRITC. The F-actin stained samples were 
captured as 8-bit RGB images using a Keyence BZ-9000 fluorescence microscope. 
All images were processed using the open source software FIJI based on ImageJ 
1.47n. First, background correction was applied using the rolling ball method 
according to Sternberg’s algorithm (Sternberg, 1983). The overall intensity of TRITC 
(mean grey value) was then measured by applying the Measure function (Analyze � 
Measure) to the red channel image of the RGB achieved by the Channel splitting 
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function (Image � Color � Split Channels). For each sample six random images 
were obtained in a clockwise direction including one image from the center region. 
For structural analysis of peripheral F-actin rings the line tool was used to allow for 
the analysis of the intensity profile (Analyze � Plot Profile).   

2.2.7 Statistics 

If not otherwise indicated all experiments were performed with three biological 
replicates. If not otherwise stated all quantitative measurements were performed with 
three technical replicates. Data are shown as means ± standard error of mean (SEM) 
calculated in Microsoft EXCEL. The analysis for statistical significance was 
performed in EXCEL or GraphPad Prims 5 using paired student’s t-test for the 
comparison of couples of experimental groups with a significance level set at α = 
0.05. Statistical significance was indicated as follows: 
*: p < 0.05 
**: p < 0.01 
***: p < 0.001 
All experiments investigating the influence of medium perfusion through tNiTi 
scaffolds on the osteogenic differentiation of MSC were repeated with three biological 
replicates including two scaffolds per group. The results are presented as means ± 
standard error (SEM). The analysis of matrix mineralization using SEM and EDX was 
performed on one representative donor. Statistical analysis was performed in 
Microsoft Excel using the paired student’s t-test for the comparison of couples of 
experimental groups. No global statistical analysis was performed. The normal 
distribution of the data was investigated using the Analyse-it® tool for Microsoft 
EXCEL. No statistical evaluation was performed on data shown on the single donor 
level or on data obtained by EDX. 
Data obtained by flow cytometry (characterization of MSC/HDMEC/OEC/HUVEC, 
phalloidin-TRITC measurements, detection of apoptotic cells) are shown for one 
individual representative donor, if not otherwise indicated. 
The statistical impact of single medium supplements on the formation of vascular 
structures was evaluated by single factor analysis of variance (ANOVA) in Microsoft 
EXCEL analyzing the probability of two data sets being derived from the same basic 
set. For this, obtained data were sorted according to the addition or exclusion of a 
single factor (Supplementary Table 2). The analyzed data sets were derived from a 
common basic set and therefore not significantly different when the ANOVA-
generated test statistic (TS) was smaller than the ANOVA-generated critical F-value 
(TS < Fcrit) and when the p-value was above the level of significance (p > 0.05) 
(Supplementary Table 3). 
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3 Results 

3.1 Characterization of human mesenchymal stromal cells 

To characterize the cells used in this study the guidelines of the International Society 
for Cell Therapy (ISCT) for characterization of MSC were followed (Dominici et al., 
2006). The cells isolated by the protocol as described in the methods section 
exhibited multi-lineage differentiation potential as well as a profile of surface markers 
as recommended by the guideline paper. Thus, following the inductive cultivation in 
adipogenic, osteogenic and chondrogenic medium the cells showed clear evidence 
of adipogenic, osteogenic and chondrogenic differentiation (Figure 4). The formation 
of oily droplets indicating the differentiation of MSC into adipocytes was shown by 
positive oil-red-O staining (Figure 4A). The fast-red-violet stain, the alizarin-red stain 
and the von Kossa stain demonstrated the increased expression of alkaline 
phosphatase as well as the deposition of calcium and phosphate in the cultures of 
MSC cultured in osteogenic differentiation media (Figure 4B, C and D). 
Chondrogenic differentiation in pellet cultures was shown by a strong alcian blue 
(AB) staining reaction as well as by a positive localization of aggrecan (Figure 4E and 
F). Additional FACS analyses revealed that the cells were highly positive for the 
expression of CD73, CD90, CD105, CD29 and CD44 (Figure 4G, H, I, O and P). In 
contrast, the same cells were found to be negative for the expression of the cell 
surface markers HLA-DR, CD11b, CD34, CD45, CD19 and CD31 (Figure 4J-N and 
Q, respectively). Our findings are in accordance with the suggested minimal criteria 
for the characterization of mesenchymal stem cells as defined in the ISCT guidelines. 
Therefore, the cells isolated by our protocol were considered to be human 
mesenchymal stem cells (hMSC). 
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Figure 4: Characterization of human MSC isolated from trabecular bone of the femur head. A-F: Proof 
of tri-lineage differentiation potential using OR-O staining for adipogenic differentiation (A), ALP 
activity staining + AR staining + VK staining for osteogenic differentiation (B, C, D, respectively) and 
immunohistchemical stains with AB and aggrecan for chondrogenic differentiation (E and F). G-Q: 
Evaluation of the expression of surface molecules using flow cytometry. 

3.2 Influence of dynamic cultivation on the osteogenic differentiation of 
hMSC 

Based on the initial characterization MSCs were transferred into a biologically-
relevant environment and the osteogenic differentiation was investigated under 
comparative static and dynamic conditions on 3D scaffolds in a perfusion bioreactor. 
3D trabecular Nitinol (tNiTi) scaffolds were used as biomaterial. It was previously 
shown by our cooperation partners that MSC seeded onto tNiTi scaffolds exhibit an 
osteogenic phenotype when cultured under static conditions (Gotman et al., 2013). 
To proceed one step further, MSC-seeded tNiTi scaffolds were cultivated under 
comparative static and dynamic conditions in either basal medium (Basal) or 
osteogenic differentiation medium (ODM) for 4 wk. MSC were seeded at a cell 
seeding density (CSD) of 20,000 MSC/cm2 (found to result in the highest formation of 
osteogenic matrix, Supplementary Figure 1). The cell-seeded scaffolds were 
cultivated either in αMEM-GlutaMAX® basal medium (Basal) or αMEM-GlutaMAX® 
supplemented with osteogenic factors (ODM) to stimulate osteogenic differentiation. 
A comparison of different media showed that MSC growing in αMEM-GlutaMAX® 
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supplemented with osteogenic inducing compounds exhibited the most osteogenic 
differentiation compared to other media formulations (Supplementary Figure 2).  

Following 4 wk of static or dynamic cultivation the samples were analyzed for the 
expression of the osteogenic proteins ALP and collagen type 1 as well as for the 
presence of a mineralizated osteogenic matrix. The cultivation of MSC in ODM 
medium led to a 3- to 20-fold increase in ALP activity compared to MSC cultured in 
Basal alone. A further 1.3- to 4-fold enhancement was observed in MSC cultured in 
ODM under dynamic conditions compared to cells cultured in ODM under static 
differentiation conditions. No differences were observed in cells grown in Basal under 
static or dynamic conditions (Figure 5A). The effect was not statistically significant, 
although a similar pattern was observed for all of the investigated donors (Figure 5B). 
The same pattern was found in the amount of calcium deposition in the newly formed 
and mineralized matrix. Calcium levels varied only slightly in MSC grown in Basal 
under static conditions (e.g. donor 2: 1.93x10-4 mg/cm2 (Basal)) compared to cells 
grown in ODM (2.05x10-4 mg/cm2). In contrast, a statistically significant 2- to 5-fold 
increase in calcium deposition was observed in cells grown in ODM under dynamic 
conditions compared to cells grown under static conditions (Figure 5C). The 
formation of minerals in the extracellular matrix could be visualized by scanning 
electron microscopy. It appeared that mineralization occurred under dynamic 
conditions in ODM (Figure 5F and G), whereas no mineralization was detectable in 
the extracellular matrix of static or dynamic cultures in BM (Figure 5D and E). 
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Figure 5:  Determination of ALP activity and calcium deposition in static and dynamic cultures under 
ODM and Basal culture conditions. A: ALP activity shown as mean values of three different donors. 
The small insert graph compares ALP activity of static and dynamic cultures normalized to activity 
observed by cells cultured in Basal. B: Although a statistical significance could not be demonstrated, a 
common pattern demonstrates an enhanced ALP activity due to flow was observed with each single 
donor. C: Determination of the calcium content in the secreted matrix as mean values from three 
donors (n = 3). Asterisks indicate statistically significant changes (** = p < 0,01). D: SEM of cultures 
grown under static conditions in Basal. E: SEM of cells grown under dynamic conditions in Basal. F: 
SEM of static samples in ODM and G: SEM of dynamically grown samples in ODM; Scale bars = 200 
µm 

Energy-dispersive X-ray analysis (EDX) was used to obtain a qualitative evaluation of 
matrix mineralization (Bonewald et al., 2003). Images obtained by SEM indicated the 
presence of minerals in the extracellular matrix (Figure 5D and E, Figure 6A and B). 
For the EDX analyses the regions of interest (ROI) were defined as rectangles for the 
determination of the deposition of calcium phosphate in a specified area or as single 
points to evaluate a possible co-localization of calcium and phosphorus (Figure 6A 
and B). As seen from Table 19 phosphorus was detectable in all samples cultivated 
in ODM. Importantly, the atomic contents of calcium and phosphorus were elevated 
approximately 2 to 3-fold in the samples grown in ODM under dynamic conditions 
compared to ODM cultures grown under static conditions (Table 19). In addition, 
single point EDX analyses revealed the co-localization of calcium and phosphorus on 
tNiTi in ODM under both culture conditions. On the other hand, no calcium phosphate 
deposits were detectable in samples from the static or dynamic cultures growing in 
BM (Table 19). 

Table 19: Determination of the atomic content of calcium and phosphorus in areas and at single 
points represented in Figure 6. Related spectra of the samples “Static ODM” and “Dynamic ODM” are 
shown in Figure 7 and Figure 8, respectively. 

Differentiation 
Condition Region of Interest Calcium  

[Atomic%]  
Phosphorus  
[Atomic%] 

Static Basal Control Not Shown 0.00 0.00 
Dynamic Basal Control Not Shown 0.00 0.00 

Static ODM 

1   (Area, Material) 0.00 0.00 
2   (Area) 1.17 1.01 
3   (Area) 1.83 1.36 
4   (Single Point) 1.74 1.54 
5   (Single Point) 1.42 0.94 
6   (Single Point) 0.53 0.58 
7   (Single Point) 1.37 0.99 

Dynamic ODM 

1   (Area, Material) 0.00 0.00 
2   (Area) 2.96 2.63 
3   (Area) 2.66 2.53 
4   (Single Point) 2.50 2.27 
5   (Single Point) 4.53 4.20 
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Figure 6:  Formation of calcium phosphate minerals in the calcified matrix of MSC grown on tNiTi 
under static and dynamic culture conditions. A: Static and ODM; B: Dynamic and ODM; Numbers 
indicate the region of interest (ROI) analyzed by EDX – magenta rectangles indicate area-based EDX 
analyses. ROI 4-7 in A and 4 and 5 in B represent single point EDX analyses for the co-localization of 
calcium and phosphorus. Scale bars = 200 µm 

 
Figure 7: EDX spectra of ROI shown in Figure 6A. Spectrum 1 represents the material reference 
position. The spectra 4, 5, 6 and 7 represent single spot spectra for the co-localization of calcium and 
phosphorus. Elements indicated by grey filled circles. Abbreviation of elements: Ca: Calcium; P: 
Phosphorus; Ti: Titanium; Ni: Nickel 
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Figure 8: EDX spectra of ROI shown in Figure 6B. Spectrum 1 represents the material reference 
position. The spectra 4 and 5 represent single spot spectra for the co-localization of calcium and 
phosphorus. Elements indicated by grey filled circles. Abbreviation of elements: Ca: Calcium; P: 
Phosphorus; Ti: Titanium; Ni: Nickel 

Following the quantitative and qualitative analysis of matrix mineralization a study of 
the distribution and composition of matrix formed by MSC throughout the tNiTi 
scaffold body in response to dynamic conditions was performed. It is known that 
dynamic cultivation results in an enhanced distribution and uniformity of cellular 
matrix on 3D scaffolds (Wendt et al., 2003). The distribution of cells visualized by a 
DAPI cell nuclear stain is shown in Figure 9 (A-D). In scaffolds cultivated under 
dynamic conditions an improved distribution of cells was found (Figure 9B and D), 
with high numbers of cells observed in the inner portions of the scaffold. In statically 
cultivated cells, cell growth was predominantly limited to the surface regions (Figure 
9A and C). Immunofluorescence staining for collagen type I, one of the principal 
proteins in natural bone, showed a similar distribution. Figure 9 (E-H) demonstrates 
that cells grown in ODM exhibited an increased fluorescence signal for collagen type 
I compared to cells grown in BM. It is important to note that this collagenous matrix 
was mostly found on the scaffold surface in the static samples (Figure 9E and G), 
whereas under dynamic conditions, an increased fluorescence signal was also 
observed in the scaffold center (Figure 9F and H). Microscopic evaluation 
demonstrated that the degree of matrix calcification was dependent on medium and 
culture conditions. Calcified matrix was found to be distributed in all areas of the 3D 
scaffold in samples cultured in ODM under dynamic conditions as detected by 
stereomicroscopic analyses of scaffold cross sections (Figure 9I-L). Strongly calcified 
matrix was found in the scaffold center, as well as on the surface of tNiTi scaffolds 
cultivated under dynamic and ODM conditions (Figure 9L and P). On the other hand, 
calcified matrix was found to be limited to the scaffold surface of statically grown cells 
under ODM conditions (Figure 9K and O). The same surface-limited matrix 
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deposition was found on tNiTi scaffolds and cells grown in Basal (Figure 9I and M). In 
the dynamically, Basal cultivated cultures the deposition of matrix occurred in close 
proximity to the trabeculae of the tNiTi scaffolds and was therefore very difficult to 
detect by stereomicroscopy (Figure 9J and N). 

 
Figure 9:  Analysis of MSC growth and distribution of osteogenic matrix on tNiTi scaffolds cultivated 
under comparative static and dynamic culture conditions for 4 wk. A, E, I, M: Basal/static. B, F, J, N: 
Basal/dynamic, C, G, K, O: ODM/static. and D, H, L, P: ODM/dynamic. A-D: Analysis of cell 
distribution using DAPI cell nuclei stain. E-H: Distribution of collagen type I. I-L: Stereomicroscopic 
evaluation of distribution of calcified matrix in cross sections. M-P: Stereomicroscopic overview of the 
scaffold surface. Arrows indicate predominant growth areas in static samples (A, C, I, K). Asterisks 
indicate highly calcified areas in the scaffold center (L). Scale bars = 500 µm 

Having shown stronger differentiation potential of hMSC under dynamic conditions, 
studies were performed to determine whether medium perfusion alone through tNiTi 
scaffolds could serve as a mechanical inducer of osteogenesis in the MSC cultures. 
To determine this, the above described perfusion experiments were repeated using 
ODM medium but omitting dexamethasone (ODM-Dex). Dexamethasone is a 
synthetic glucocorticoid able to induce osteogenic differentiation in MSC cultures 
(Grigoriadis et al., 1988). After 4 weeks of cultivation in ODM-Dex, the activity of ALP 
as well as the deposition of calcium was found to be clearly decreased compared to 
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cells cultured in the standard differentiation medium ODM (Figure 10A/B and C/D). 
The levels for ALP activity and calcium in ODM-Dex cultures were comparable to the 
cultures in Basal with each respective donor (Figure 10A and B). Furthermore, SEM 
analyses of the extracellular matrix showed an absence of the formation of minerals 
in ODM-Dex grown cultures under static conditions as well as in ODM-Dex grown 
cultures under dynamic conditions (Figure 11C and D, respectively). Therefore, 
medium perfusion alone through tNiTi scaffolds did not induce mineralization of 
extracellular matrix produced by hMSC. In contrast, the evaluation of collagen type I 
matrix deposition revealed an increased deposition in ODM-Dex cultures compared 
to scaffolds cultivated in Basal (Figure 11E versus G, Figure 11H versus J). This 
increase of collagen type I matrix deposition in cells cultured in ODM-Dex was 
observed under both static and dynamic conditions. However, the deposition of 
collagen type I in ODM-Dex samples was slightly enhanced in cells on scaffolds 
under dynamic conditions (Figure 11G versus J). This indicated a possible effect by 
medium perfusion on the expression of collagen type I by hMSC on tNiTi. This trend 
was also observed by the quantification of the total intracellular collagen content 
(TIC) in cells grown in Basal, ODM and ODM-Dex cultures under static conditions 
(Figure 11A). An increased TIC was detected in ODM-Dex cultures grown under 
dynamic conditions compared to the corresponding Basal grown cells under dynamic 
conditions or the ODM-Dex cultures under static conditions (Figure 11A). These 
results are consistent among the respective donors (Figure 11B) and indicate that 
medium perfusion alone affects the expression of collagens. Furthermore, enhanced 
levels of TIC were observed in cells cultured in ODM under dynamic conditions 
compared to cells grown under static conditions.  This appeared to indicate that 
medium perfusion was responsible for the increase of the TIC (Figure 11A). Although 
no statistical significance was detected, this pattern was observed for each of the 
different MSC donors (Figure 11B). 
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Figure 10:  Evaluation of the influence of medium perfusion on osteogenic inductivity of cells grown in 
medium in the presence and in the absence of Dex. A: Determination of the mean ALP activity from 
three biological replicates (± SEM). The small insert graph compares ALP activity in static and 
dynamic ODM and ODM-Dex cultures normalized to the respective cultures grown in Basal. B: ALP 
activity shown at the single donor level. C: Determination of the mean calcium content in the 
extracellular matrix from three biological replicates (± SEM). The small insert graph compares the 
mean calcium content in static and dynamic ODM and ODM-Dex cultures normalized to the respective 
cultures grown in Basal. D: Levels of calcium content shown for each single donor. 
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Figure 11: Evaluation of the osteogenic inductivity of cells under medium perfusion in the absence of 
Dex. A: Determination of total intracellular collagen content (TIC) from three biological replicates (± 
SEM). B: Determination of TIC levels for single donors. Statistically significant differences are 
indicated by asterisks: “*”: p < 0.05, “**”: p< 0.01; No evidence of mineral formation on the extracellular 
matrix in cells grown under static (C) and dynamic (D) conditions in ODM–Dex was observed. Scale 
bars = 200 µm. E-G: IF-based evaluation of collagen type I deposition in cross sections of MSC-
seeded tNiTi scaffolds cultivated under static conditions. Scale bars = 500 µm. E: Basal/static, F: 
ODM/static, G: ODM-Dex/static. H-J: IF-based evaluation of collagen type I deposition in cross 
sections of MSC-seeded tNiTi scaffolds cultivated under dynamic conditions, H: Basal/dynamic, I: 
ODM/dynamic, J: ODM-Dex/dynamic. Scale bars: 500 µm 
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3.3 Prevascularization in MSC-EC co-cultures is influenced by the cell 
seeding density and the cell seeding ratio 

A more biologically-relevant TE model for clinical application would include 
endothelial cells with the MSCs, as vascularization is essential for bone regeneration. 
To evaluate the above described cell culture model, studies were carried out 
including endothelial cells. The co-cultivation of MSC with endothelial cells (EC) or 
osteoprogenitor cells with EC has been shown to result in vascularization and the 
formation of tube-like structures in vitro (Unger et al., 2005, Kolbe et al., 2011, Dohle 
et al., 2010, Dohle et al., 2011). Thus, the CSD shown to be the most optimal for the 
osteogenic differentiation of MSC was used as a starting point for the evaluation of 
the formation of tube-like structures in MSC/EC co-cultures on tNiTi. 

3.3.1 Characterization of HDMEC, HUVEC and OEC 

Prior to the evaluation of co-culture systems, the different types of EC were 
characterized by immunofluorescence staining for cell type-specific proteins and flow 
cytometry. Primary HDMEC were found to be positive for the expression of CD31 
(Figure 12A and H), vWF (Figure 12B) Col-IV (Figure 12C), LMN (Figure 12D), CD34 
(Figure 12I), CD146 (Figure 12J) and CD105 (Figure 12K). 
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Figure 12: Characterization of HDMEC by IF staining for cell nuclei (blue), CD31 (A), vWF (B), Col-IV 
(C), LMN (D), staining for ALP activity (E1/E2) and flow cytometry analyses for the expression of 
CD44 (F), CD90 (G), CD31 (H), CD34 (I), CD146 (J) and CD105 (K); Scale bars in IF images: 200 µm; 
Scale bars in ALP activity stains: Overview (E1) = 500 µm, Zoom (E2) = 200 µm  

 
Figure 13: Characterization of HUVEC by IF for cell nuclei (blue), CD31 (A), vWF (B), Col-IV (C), LMN 
(D), staining for ALP activity (E1/E2) and flow cytometry analyses for the expression of CD44 (F), 
CD90 (G), CD31 (H), CD34 (I), CD146 (J) and CD105 (K); Scale bars in IF images: 200 µm; Scale 
bars in ALP activity stains: Overview (E1) = 500 µm, Zoom (E2) = 200 µm 

In contrast, HDMEC were found to be negative for the expression of CD44 (Figure 
12F), CD90 (Figure 12G) and ALP (Figure 12 E1 and E2). Primary HUVEC gave 
positive findings for the expression of CD31 (Figure 13A and H), vWF (Figure 13B), 
Col-IV (Figure 13C), CD146 (Figure 13J) and CD105 (Figure 13K). Laminin and 
CD34 were both found weakly expressed on HUVEC (Figure 13D and I). 
Furthermore, HUVEC reacted negatively for the expression of CD44 (Figure 13F), 
CD90 (Figure 13G) and ALP (Figure 13 E1 and E2). Primary OEC were found to be 
positive for the expression of CD31 (Figure 14A and H), vWF (Figure 14B), Col-IV 
(Figure 14C), CD34 (Figure 14I) and CD105 (Figure 14K). Laminin and CD146 were 
both found slightly expressed on OEC (Figure 14D and J). Additionally, OEC 
demonstrated no expression of CD44 (Figure 14F), CD90 (Figure 14G) and ALP 
(Figure 14 E1 and E2). 
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Figure 14:  Characterization of OEC by IF staining for cell nuclei (blue), CD31 (A), vWF (B), Col-IV (C), 
LMN (D), staining for ALP activity (E1/E2) and flow cytometry analyses for the expression of CD44 (F), 
CD90 (G), CD31 (H), CD34 (I), CD146 (J) and CD105 (K); Scale bars in IF images: 200 µm; Scale 
bars in ALP activity stains: Overview (E1) = 500 µm, Zoom (E2) = 200 µm 

Table 20: Phentotypic comparison of HDMEC, HUVEC and OEC summarizing the detection of 
proteins by IF or FACS as demonstrated in Figure 12, Figure 13 and Figure 14 

Marker HDMEC HUVEC OEC 

CD31 + + + 
vWF + + + 

Col-IV + + + 
LMN + very low low 
CD34 + low + 

CD146 + + low 
CD105 + + + 
CD44 - - - 
CD90 - - - 
ALP - - - 
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3.3.2 Optimized prevascularization in MSC/HDMEC co-cultures 

HDMEC were co-cultivated with MSC to investigate the influence of the CSD and the 
corresponding cell-seeding ratio (CSR) on the formation of vessel-like structures. For 
this, MSC/HDMEC CCs with varying MSC:HDMEC CSR of 1:4 (Unger et al., 2010, 
Unger et al., 2004), 1:2, 1:0.66 (Dohle et al., 2010, Fuchs et al., 2007, Kolbe et al., 
2011) and 1:0.25 were cultivated for 2 wk in ECGM. Subsequently, the formation of 
tube-like structures was quantified using image analysis based on IF staining for EC-
specific CD31. Additionally, the CCs were evaluated for the expression of vWF and 
Col-IV using IF staining and for the expression of Ang-1, Ang-2 and VEGF in cell 
culture supernatants using ELISA. 

It can be seen from Figure 15A that a decreasing proportion of HDMEC led to an 
increased formation of vessel-like structures (Figure 15A – CD31/DAPI). Additionally, 
the microscopic observations revealed an increased size and density of the 
microcapillary-like networks formed (Figure 15A – CD31/DAPI). The 
immunofluorescence staining for vWF and Col-IV show a strong expression of vWF 
in vascular structures at a CSR of 1:0.66 and 1:0.25 which overlapped with a strong 
deposition of Col-IV in the basal lamina of the vascular structures (Figure 15A – Col-
IV/vWF/DAPI). Lower intensities in vWF expression and Col-IV deposition were 
found at CSR of 1:2 and 1:4 (Figure 15A – Col-IV/vWF/DAPI). Image analysis was 
used to quantify the initial visual differences observed in network size and network 
densities (Figure 15B). Although the total number of networks (N/cm2) was highest at 
at CSR of 1:2 (Figure 15B - Networks) an increased network density was detected at 
CSR of 1:0.66 and 1:0.25 compared to 1:4 (Figure 15B - Networks). All other 
parameters characterizing vasculogenesis and angiogenesis showed a consistent 
highest value for a CSR of 1:0.66. No additional changes were detected for a CSR of 
1:0.25 (Figure 15B). Due to donor-dependent variation of the absolute values no 
statistical significance was detected. Despite this, all individual donors exhibited a 
similar pattern (Supplementary Figure 4). 

To evaluate the level of GF release in CCs, cell culture supernatants were analyzed 
for the expression of VEGF, Ang-1 and Ang-2. These GFs are known to play key-
regulatory roles in the processes of vascularization and angiogenesis (Lobov et al., 
2002). The expression of VEGF was found to be inversely proportional to a 
decreasing proportion of HDMEC after 7d (Figure 15C - VEGF/7d). After 14d VEGF 
was constantly expressed at approximately 4 ng/mL independent on the CSR (Figure 
15C - VEGF/14d). Ang-1 was expressed at constant levels in CC after 7d and slightly 
increased after 14d at a CSR of 1:0.66 or 1:0.25 compared to 1:4 and 1:2 (Figure 
15C - Ang-1/14d). Expression of Ang-2 decreased after 7d with decreasing levels 
when endothelial ratios were lowered from 4 to 0.25 (Figure 15C Ang-2– CC/7d). 
After 14d Ang-2 was found to be expressed at similar concentrations independent of 
the CSR in the CCs (Figure 15C - Ang-2/14d). Monoculture controls of MSC MCs 
and HDMEC MCs demonstrated that MSC represent the main source of VEGF and 
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Ang-1, while Ang-2 was predominantly expressed by HDMEC (Supplementary Figure 
3). Taken together these results indicate that the formation of vascular structures in 
vitro is influenced by the CSR. In this context, a CSR of 1:0.66 was identified as the 
most optimal for the formation of microcapillary-like structures in the CC model.  

 
Figure 15: Influence of the CSR on the formation of VLS in CCs of MSC with HDMEC. A: IF staining 
for CD31, Col-IV, vWF and cell nuclei (DAPI) for CSR-dependent formation of vessel-like structures 
and the existence of a basal lamina, Scale bars: 500 µm; B: Image-based quantification of parameters 
characterizing vasculogenesis and angiogenesis in CSR-dependent CCs based on IF staining for 
CD31; C: CSR-dependent quantification of released level of VEGF, Ang-1 and Ang-2 after 7d and 14d 
in supernatants of MSC/HDMEC CCs, MSC MCs and HDMEC MCs 
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3.3.3 Optimized prevascularization in MSC/OEC co-cultures 

The CSD of 20,000 MSC/cm2 and a CSR of 1:0.66 were utilized in a CC system that 
combines MSC with OEC. It has previously been shown that CCs of primary human 
osteoblasts (pOB) with OEC or CCs of MSC with OEC form microcapillary-like 
structures when absolute cell numbers of 300,000 pOB/MSC and 200,000 OEC were 
used per well in a 24 well cell culture system (Dohle et al., 2010, Dohle et al., 2011, 
Fuchs et al., 2007, Kolbe et al., 2011). The value given in the literature represents a 
CSD of 1.61x105 MSC/cm2. At a similar CSD (1x105 MSC/cm2) MSC were shown in a 
previous section to exhibit a reduced degree of osteogenic differentiation compared 
to a CSD of 20,000 MSC/cm2. Therefore, studies were performed to determine if 
microcapillary-like structures were formed in MSC/OEC CCs when the CSD for MSC 
was reduced to 20,000/cm2 or more while the CSR was kept constant at 1:0.66. For 
this, comparative MSC/OEC CCs were evaluated using CSD of 3,000/2,000; 
10,000/6666; 20,000/13,333; 50,000/33,333 and 100,000/66,666 (MSC/OEC) per 
cm2. In addition, a CC control combining 300,000 MSC and 200,000 OEC per well 
was included (according to (Dohle et al., 2010, Dohle et al., 2011, Fuchs et al., 2007, 
Kolbe et al., 2011)). After 2 wk of co-cultivation in EGM2 the CCs were analyzed for 
the formation of microcapillary-like structures which were identified by IF staining for 
CD31. The microscopic evaluation showed the formation of vessel-like structures in 
MSC/OEC CCs using CSD of 3,000/2,000; 10,000/6666; 20,000/13,333 and 
50,000/33,333 cells/cm2 (Figure 16A, B, C, D, respectively).  

 
Figure 16: Influence of varying total cell numbers at constant CSR on the formation of VLS in 
MSC/OEC CCs. A: 3,000/2,000 per cm2; B: 10,000/6,666 per cm2; C: 20,000/13,333 per cm2; D: 
50,000/33,333 per cm2; E: 100,000/66,666 per cm2; F: 300,000/200,000 per well; Scale bars: 500 µm 

 

Optically a maximum density of vessel-like structures was achieved when 20,000 
MSC and 13,333 OEC were combined (Figure 16C). In contrast, a distinctive 
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reduction in the formation of microvessel-like structures was observed in MSC/OEC 
CCs when 100,000/66,666 (MSC/OEC)/cm2 and 300,000/200,000 (MSC/OEC)/well 
cells were used (Figure 16E and F, respectively). The image-based quantification of 
the microcapillary-like structures formed in the MSC/OEC CCs showed a similar 
result for the various characteristic parameters related to vascularization and 
angiogenesis (Figure 17). 
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Figure 17: Image-based quantification of CSD-dependent VLS in MSC/OEC CCs and comparison of 
characteristic angiogenesis-related parameters; A: Total number of networks per area; B: Mean 
network length; C: “Vascular area” – representative area covered by angiogenic structures; D: Number 
of branches per area; E: Number of branches per network; F: Number of branch points per network; 
G: Number of triple points per network; H: Number of quadruple points per network 

The highest mean values for the number of networks (Figure 17A), the mean network 
length (Figure 17B), the covered vascular area (Figure 17C), the number of branches 
per area (Figure 17D), the number of branches per network (Figure 17E) and the 
number of branch points per network (Figure 17F) were obtained when MSC/OEC 
CCs were performed with 20,000/13,333 (MSC/OEC)/cm2. In contrast, using the 
absolute cell numbers previously published for CCs resulted in the lowest values for 
all of the typical characteristic vasculogenic/ angiogenic structures evaluated (Figure 
17– 3/2). 

3.4 Evaluation of the co-stimulation of angiogenesis and osteogenesis 
in MSC/EC co-cultures 

As found by the CSD-dependent evaluation of osteogenesis in MSC MCs and 
CSD/CSR-dependent formation of vessel-like structures in MSC/EC CCs, an MSC 
CSD of 20,000/cm2 induced the highest response in both osteogenic differentiation 
and vessel-like structure formation. 

Based on this a screening approach was conducted in order to identify a cell culture 
medium that would result in the simultaneous induction of osteogenesis by the MSC 
and the formation of microcapillary-like structures by the endothelial cells. Generally, 
for osteogenic differentiation of MSC, Dex, AA and βGP are added to the cell culture 
medium (Pittenger et al., 1999). For the growth of HDMEC, ECGM is generally used 
as cell culture medium (Peters et al., 2002, Peters et al., 2008, Unger et al., 2010, 
Unger et al., 2005, Unger et al., 2007). Furthermore, it is necessary to add GFs like 
bFGF and heparin for optimal EC proliferation and migration (Araki et al., 1990, 
Shing et al., 1984). Based on the above, an initial CC medium was mixed to stimulate 
the growth and proliferation of both cell types as well as endothelial microcapillary 
formation and MSC differentiation to osteoblasts. ECGM including bFGF and heparin 
was used as the basic medium to which the osteogenic differentiation supplements 
(OS), Dex, AA and βGP were added. Since FCS was added at a concentration of 
15 % to ECGM in previous studies (Peters et al., 2002, Peters et al., 2008, Unger et 
al., 2010, Unger et al., 2005, Unger et al., 2007) and osteogenesis was evaluated 
using 10 % FCS in the above described studies, both concentrations were included 
in the evaluation process. The resulting variations of medium to be screened for the 
induction of osteogenesis and formation of vessel-like structures are given in Table 
21. Additionally, controls were performed in MSC basal medium (αMEM + 10% FCS) 
or MSC basal medium supplemented with OS. After 2 wk the CCs were analyzed for 
the formation of microcapillary-like structures and the calcification of the extracellular 
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matrix using IF staining for CD31 as well as AR and VK staining, respectively. The 
formation of vessel-like structures was quantified using image analysis. 

Table 21: Overview of ECGM-based media with different combinations of FCS, HF (heparin+bFGF) 
and osteogenic supplements (OS) used for evaluating the growth and differentiation of CCs of 
HDMEC with MSC. +/- indicates addition of or cultivation without HF/OS  

Medium Abbreviation FCS [%] HF OS 

10/-/- 10 - - 

10/-/+ 10 - + 

10/+/- 10 + - 

10/+/+ 10 + + 

15/-/- 15 - - 

15/-/+ 15 - + 

15/+/- 15 + - 

15/+/+ 15 + + 

The microscopic evaluation showed no vessel formation in CCs cultivated in MSC 
basal medium without or with OS (Figure 18 AI/AII and BI/BII, respectively). Vessel 
formation could be observed in CCs cultivated in ECGM independent of the 
concentration of FCS when cultivated with the supplements HF alone (ECGM10/+/-; 
ECGM15/+/-; Figure 18 CI/CII and GI/GII, respectively). The quantification of the 
microcapillary-like structures formed and all related parameters including the 
vascular area (Figure 19A), network density (Figure 19B), the mean network length 
(Figure 19C), the number of branches per area (Figure 19D), the number of branches 
per network (Figure 19E) and the number of branch points per network (Figure 19F) 
resulted in the maximum values for the respective media. Addition of OS completely 
inhibited vessel-like structure formation (Figure 18 DI/DII and HI/HII, Figure 19), 
whereas CCs in ECGM without any supplementation demonstrated some formation 
of vessel-like structures (Figure 18 EI/EII and Figure 18 I-I/I-II). Nevertheless, the 
characteristic vessel-like structures were found to be decreased compared to the 
quantification of vessel-like structures in CCs cultivated in ECGM supplemented with 
HF (ECGM10/+/- or ECGM15/+/-) (Figure 19). Additionally, the resulting vessel-like 
structures exhibited a fragile and perforated phenotype as indicated by IF staining for 
CD31 (Figure 18 EII and I-II). A similar effect was observed when MSC/HDMEC CCs 
were cultivated in ECGM supplemented with OS alone (Figure 18 FI/FII and JI/JII). 
The quantification of vessel-like structures resulted in the lowest values under these 
cultivation conditions (Figure 19). 

Independent on the vessel formation all CCs cultivated in ECGM-based medium 
exhibited a negative AR and VK staining (Figure 18CIII-JIII and CIV-JIV). The same 
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was true for CCs cultivated in MSC basal medium (Figure 18 AIII and AIV). In 
contrast, the cultivation of CCs in MSC basal medium supplemented with OS gave 
both a positive AR and VK staining (Figure 18 BIII and BIV). A similar result was 
obtained for MSC MCs that were cultivated in the same media to serve as a 
differentiation control (Figure 20). When MSC MCs cultivated in ECGM-based media 
were stained for the expression and activity of ALP it was found that ALP was highly 
expressed when HF or OS or a combination thereof was added to ECGM (Figure 20 
– CI, DI, FI, GI, HI and JI). In contrast, when MSC were cultivated in ECGM without 
supplementation with HF or OS a low staining intensity was observed (Figure 20 EI 
and I-I). This intensity was comparable to MSC cultivated in MSC basal medium 
(Figure 20 AI). To evaluate which single supplements (FCS, HF or OS) exhibit a 
significant effect on the formation of vascular structures in the CCs a single factor 
analysis of variance (ANOVA) was performed. It was found that the variation of FCS 
had no significant impact on vessel-like structure characteristics. This was confirmed 
by the test statistic (TS) which was smaller than the critical F-value (TS < Fcrit) and 
by the p-value being higher than the level of significance (p > 0.05) for all the vessel-
like structure characteristics analyzed (Table 22 – Variation of FCS). The variation of 
HF had a significant impact only on the vascular area (VA) with the TS > Fcrit and p 
= 0.024 < 0.05 (Table 22). All other investigated parameters were not found to be 
significantly influenced by HF (Table 22 – Variation of HF). In contrast, the variation 
of OS exhibited a TS > Fcrit and a p < 0.05 for all vasculogenic and angiogenic 
parameters (Table 22 – Variation of OS). Thus, the variation of OS significantly 
influenced the formation of vascular structures in MSC/HDMEC CC. 
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Figure 18: Evaluation of VLS formation and osteogenic differentiation in MSC/HDMEC CCs 
performed according to the screening overview given in Table 21; CD31: IF staining for CD31, scale 
bars: 200 µm; CD31 Zoom: Changes in vessel morphology visualized by increased magnification, 
scale bars: 100 µm; AR: Alizarin Red staining, scale bars: 500 µm; VK: Von Kossa staining, scale 
bars: 500 µm 
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Figure 19:  Image-based quantification of VLS in MSC/HDMEC CCs cultivated in various cell culture 
media given in Table 21; A: Vascular area; B: Number of networks; Mean network length; D: Number 
of branches per area; E: Number of branches per network; F: Number of branch points per network; 
Results are shown as means (± SEM) of three biological replicates 
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Figure 20: Evaluation of osteogenic differentiation in MSC MCs performed according to the screening 
overview given in Table 21; Column ALP: ALP activity staining; Column AR: Alizarin Red staining; 
Column VK: Von Kossa staining; Scale bars: 500 µm; HF: heparin + bFGF; OS: osteogenic 
supplements; “-“: omitted; “+”: added 
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Table 22: Evaluation of the significant influences of FCS, the addition of bFGF + heparin (HF) or 
osteogenic supplements (OS) on the formation of VLS in MSC/HDMEC CCs using single factor 
ANOVA; Vascular structures are evaluated for characteristic shapes: vascular area (VA, mm2/cm2), 
number of networks (N, N/cm2), branches per network (B, 1/N) and network length (NL, µm); TS: test 
statistic, p: p-value 

 Variation of FCS  Variation of HF Variation of OS All 

Parameter  TS p TS p TS p Fcrit  

VA 0,01339 0,91 5,92 0,024 15,98 0,00061 4,301 

N 0,01154 0,92 3,17 0,089 22,46 0,00010 4,301 

B 0,02542 0,87 0,53 0,475 22,27 0,00010 4,301 

NL 0,00044 0,98 1,58 0,222 21,47 0,00013 4,301 

 

Figure 21:  Interaction plot identifying a 
connection between the 
supplementation of OS and HF and its 
influence on the quantification of the 
vascular area VA; OS: osteogenic 
supplements; HF: bFGF + heparin 

 

 

 
 
To visualize the impact of FCS, HF or OS supplementation of the CC media, the data 
obtained were introduced into an interaction plot (Figure 21). Using such an 
interaction plot can help identify interactions between different factors based on their 
presence or absence. This is realized by plotting data obtained from the experimental 
quantification via an interconnected line. Factors are considered to interact when the 
resulting lines are not parallel (Kleppmann, 2013). In addition, the interaction is 
considered especially strong when both lines intersect (Kleppmann, 2013). The data 
for an interaction between OS and HF can be seen in Figure 21. The interconnected 
data points clearly demonstrate a strong decrease in the VA when OS were added 
(OS (+)) independent of the presence or absence of HF (HF (+)/HF (-)) (Figure 21). 
This finding was also observed when the FCS concentration was raised from 10 % to 
15 % (Figure 21). Taken together these data show that under the conditions 
evaluated the addition of OS suppresses microcapillary-like vessel formation and this 
was influenced by a strong statistical interaction between HF and OS. Since no 
osteogenic differentiation was achieved in MSC/HDMEC CCs and MSC MCs in 
ECGM-based media the data further indicate that supplementation with angiogenic-
stimulating factors or the use of media supporting angiogenesis was not adequate for 
the osteogenic differentiation of MSC.  
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3.5 The impact of osteogenic priming of MSC on the prevascularization 
in co-cultures with HDMEC 

Based on the findings described in the previous section an alternative strategy was 
developed, which aimed to investigate a chronologically separated induction of the 
osteogenic differentiation of MSC and the prevascularization of MSC/EC CCs. In this 
context, it was previously shown that pre-differentiated MSC supported bone 
formation to a higher extent in vivo compared to non-differentiated MSC (Breitbart et 
al., 1998, Liu et al., 2015). To determine whether an osteogenic priming of MSC 
would also have a positive effect on the formation of VLS in CCs in vitro, CCs of 
osteogenically primed MSC with HDMEC and non-differentiated MSC with HDMEC 
were performed and compared using a constant CSR of 3:2. For these studies, 
MSC MCs were cultivated under osteogenic-differentiating conditions in ODM for 
2 wk or 4 wk, termed as oMSC-2wk or oMSC-4wk, respectively. As a control 
MSC MCs were cultivated under non-osteogenic inducing conditions in basal 
medium (referred to as Basal (Table 8) and abbreviated as BM in this section) for 
2 wk or 4 wk, termed as MSC-BM2wk and MSC-BM4wk, respectively (see also 
Supplementary Figure 5). 

3.5.1 Evaluation of osteogenic priming in MSC mono-cultures 

ALP activity staining indicated an increased ALP activity in oMSC-2wk and oMSC-
4wk compared to MSC-BM2wk or MSC-BM4wk (Figure 22A - ALP). The staining 
intensities of the AR and VK staining of oMSC-2wk showed a weak signal (Figure 
22A - AR/VK) compared to oMSC-4wk, which exhibited strong staining intensities for 
both AR and VK staining (Figure 22A - AR/VK). No AR or VK staining was observed 
in MSC-BM2wk and MSC-BM4wk cultures (Figure 22A - inserts in AR/VK). 

To evaluate changes in the release of GFs during the osteogenic differentiation 
VEGF and Ang-1 were quantified in the supernatants of oMSC and MSC-BM over a 
period of 4 wk (Figure 22B). VEGF increased with time in MSC-BM, whereas a 
constantly low concentration of approximately 0.3 ng/mL was measured in 
supernatants of oMSC (Figure 22B VEGF). In contrast, Ang-1 increased with time in 
oMSC reaching a plateau concentration of approximately 10 ng/mL after 19d (Figure 
22B Ang-1 – grey bars). MSC-BM produced only low levels of Ang-1 (1 ng/mL) for 
the entire culture period (Figure 22B Ang-1 - white bars). Taken together these 
results indicated that an osteogenic priming of MSC for 4 wk using ODM reduced 
their vasculogenic and angiogenenic inductivity compared to MSC cultivated under 
non-osteogenic conditions. To evaluate this hypothesis MSC-BM and oMSC were co-
cultivated with HDMEC for 2 wk (2wk CC) in ECGM using four comparative CC 
approaches as shown in Figure 23. 
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Figure 22:  Osteogenic priming of MSC in ODM over 4 wk. A: Evaluation of the degree of osteogenic 
differentiation in MSC after 2 wk (oMSC-2wk) and 4 wk (oMSC-4wk) of cultivation in ODM compared 
to their corresponding controls cultivated under non-osteogenic conditions (small inserts); ALP: ALP 
activity staining; AR: Alizarin red staining; VK: Von Kossa staining; Scale bars: 500 µm; B: ELISA-
based quantification of VEGF and Ang-1 in supernatants of oMSC and MSC-BM over 4 wk  
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3.5.2 Co-cultivation of osteogenically primed MSC with HDMEC 

 
Figure 23: Schematic workflow for the generation of comparative co-culture approaches to investigate 
the influence of MSC primed in either BM or ODM on the prevascularization in a CC system with 
HDMEC. The generation of MSC-BM and oMSC is schematically represented in Supplementary 
Figure 5. 

To study the direct effect of oMSC and MSC-BM on vessel formation in the CC 
system HDMEC were added directly to oMSC-2wk/4wk or MSC-BM2wk/4wk shown 
in approach “A” (Figure 23). In approach “B” (Figure 23) oMSC or MSC-BM were 
harvested and re-seeded at a reduced CSD of 20,000 cells/cm2 prior to initiating the 
CC by the addition of HDMEC. To investigate whether the vessel formation would be 
influenced by any osteogenic or non-osteogenic matrix formed during co-cultivation 
of HDMEC with either oMSC or MSC-BM, the respective MSC MCs were removed by 
trypsinization and re-seeded after the initial priming phase without any reduction of 
the CSD in approach “C” (Figure 23). In this context, Approach “C” served as a 
control to approach “A” with both approaches differing in the presence of an 
osteogenic matrix. In parallel, a standard 2 wk CC of non-primed MSC with HDMEC 
(Control/Ctrl) was performed. When oMSC or MSC-BM were transferred to fresh 
wells for the co-cultivation with HDMEC in approach “B” or “C” their absolute cell 
number per area was determined prior to reseeding. Having initially seeded 20,000 
MSC/cm2 the cell densities increased upon priming in BM to a mean density of 
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30,000 cells/cm2 in both MSC-BM2wk and MSC-BM4wk (Supplementary Figure 6). 
On the contrary, in oMSC cultures the mean cell density was found to have only 
slightly increased after 2 wk of priming in ODM (oMSC-2wk) and to have decreased 
below the initial CSD of 20,000 cells/cm2 after 4 wk (oMSC-4wk) (Supplementary 
Figure 6). These changes in the cell densities upon osteogenic priming underline the 
process of osteogenic differentiation in oMSC cultures that is known to be linked to 
apoptosis and cell death in the final differentiation stage (Manolagas, 2000). 

The microscopic evaluation of the immunofluorescence staining for CD31 clearly 
indicated the formation of VLS in the CCs of oMSC-2wk or MSC-BM2wk with 
HDMEC (Figure 24A). No enhancement of VLS formation by oMSC-2wk compared to 
MSC-BM2wk was detected in the CC with HDMEC (Figure 24A – MSC-
BM2wk/oMSC-2wk + 2 wk CC). This outcome was found to be constant among the 
different CC approaches (Approach “A”, “B”, “C” - Figure 24A). The microscopic 
evaluation was supported by the results of the image-based quantification of the VLS 
formation in 2 wk CC of MSC-BM2wk or oMSC-2wk with HDMEC (Figure 24B – 
exemplary shown for approach “A”). In this context, the vascular area, the number of 
networks, the mean network length, the total number of branches, the number of 
branches per network and the number of branch points per network (all Figure 24B) 
were quantified. The quantification of the parameters mentioned above demonstrated 
similar values compared to those observed in the control independent of whether the 
2 wk CC consisted of oMSC-2wk or MSC-BM2wk with HDMEC (Figure 24B – light 
grey bars). This outcome was found to be consistent among the different CC 
approaches (Supplementary Figure 7 and Supplementary Figure 8). ELISA 
measurements of the pro-angiogenic GF VEGF, Ang-1 and Ang-2 in the control 
revealed that all three GF were present at high concentrations (Figure 24C). In this 
context, VEGF and Ang-1 were solely expressed by MSC while Ang-2 was 
exclusively expressed by HDMEC (Figure 24C). 

When MSC-BM4wk or oMSC-4wk were co-cultivated with HDMEC for 2 wk in ECGM 
all quantified vascular network parameters were clearly affected. The mean values 
for the vascular area, the number of networks, the number of total branches and the 
number of branch points per network were markedly reduced (Figure 24B - dark grey 
bars). However, the mean network length and the number of branches per network 
(Figure 24B – Mean Network Length and Branches per Network, respectively) were 
less affected when MSC-BM4wk were co-cultivated with HDMEC. The described 
effects were found to be independent of the CC conditions (Supplementary Figure 7 
and Supplementary Figure 8). Although no statistical significance was achieved the 
overall trend was found to be consistent at the single donor level (Supplementary 
Figure 9, Supplementary Figure 10, Supplementary Figure 11). 
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Figure 24: Influence of oMSC on the formation of VLS in a CC model with HDMEC. A: IF staining for 
CD31 in 2 wk CC of MSC-BM2wk/4wk or oMSC-2wk/4wk with HDMEC cultivated according to 
approach “A”, “B”, “C” or Ctrl (for schematic representation see Figure 23); Scale bars: 500 µm; B: 
Quantification of vasculogenic and angiogenic parameters in CCs cultivated according to approach A 
(see Figure 23) based on IF staining for CD31; C: Quantification of release of VEGF, Ang-1 and Ang-2 
in supernatants of control CC of non-primed MSC with HDMEC (control) after 2 wk  

Taken together these results clearly demonstrate that prevascularization in 
MSC/HDMEC CCs is negatively influenced by priming the MSC with osteogenic 
differentiation factors prior to their co-cultivation with HDMEC. Additionally, the 
results point out that the observed effects are independent of the incorporation of an 
osteogenic matrix or the change of absolute cell numbers. 

3.6 Prevascularized MSC/HDMEC co-cultures cultivated under 
osteogenic conditions 

Having shown that an initial osteogenic priming of MSC negatively affects the 
formation of vessel-like structures by HDMEC in subsequent CCs an opposite 
approach was investigated. In this approach, conditions were used to first stimulate 
HDMEC within the CC to form vessel-like structures what was then followed by 
changing the medium to osteogenic-inducing conditions using ODM (termed as 
osteogenic co-culture “oCC” in the following). 

For this, CCs of non-primed MSC with HDMEC were cultivated for 2 wk in ECGM 
leading to the formation of vessel-like structures. Subsequently, the medium in this 
prevascularized CC was changed to ODM for osteogenic co-cultivation for 2 wk 
(2wk oCC) or 4W (4wk oCC) and the resulting level of calcification in the oCC was 
investigated. As a differentiation control (DC) MSC MCs were cultivated in ECGM for 
2 wk and the medium was subsequently replaced with ODM for the same period of 
time as in the oCC. After 2wk oCC a high degree of calcification was detectable 
(Figure 25A – 2wk oCC). Positive AR and VK staining revealed the deposition of 
calcium and calcium phosphates, respectively (Figure 25A – 2wk oCC – AR/VK). 
Furthermore, the IF staining for CD31 confirmed the incorporation of an endothelial 
cell fraction (Figure 25A – 2wk oCC – CD31). The same result was achieved after 
4wk oCC (Figure 25A – 4wk oCC – CD31). Although the same high degree of 
calcification was histochemically detectable (Figure 25A – 4wk oCC – AR/VK) no 
additional increase in the AR staining intensity compared to 2wk oCC was observed 
(Figure 25B). IF staining for CD31 demonstrated the presence of endothelial cells 
organized in a homogeneous cell layer within the calcified CC (Figure 25A – 
4wk oCC – CD31). In the DC a less intense staining for AR and VK after 2 wk and 
4 wk was observed (Figure 25A – 2wk/4wk DC AR/VK) and lower amounts of 
calcium deposits were confirmed by a quantitative analysis of the AR staining (Figure 
25B). 
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Figure 25: Microscopic evaluation of MSC differentiation and VLS formation after cultivation of 
prevascularized 2wk CC under osteogenic conditions for 2wk (2wk oCC) or 4wk (4wk oCC); A: ALP 
activity staining (ALP), Alizarin Red staining (AR), Von Kossa staining (VK) and IF staining for CD31 
(CD31) in 2wk-oCC and 4wk-oCC cultures compared to their corresponding differentiation control 
(DC); Scale bars: ALP = 500 µm; AR, VK, CD31 = 5 mm, inserts = 500 µm; B: Quantitative analysis of 
AR staining intensity in 2wk oCC and 4wk oCC cultures compared to their corresponding DC; C: 
Detection of VLS  in 7d CC using IF staining for CD31 (CD31/DAPI) and microscopic evaluation of 
matrix calcification after additional 72h oCC and 7d oCC using transmitted light microscopy (TL); 
Scale bars: 200 µm  



Results 

83 
 

The ALP activity staining revealed a lower expression and activity of ALP in the 2wk-
DC compared to the 2wk oCC (Figure 25A – 2wk oCC/2wk DC - ALP) whereby equal 
staining intensities were obtained in 4wk-DC and 4wk-oCC (Figure 25A – 
4wk oCC/4wk DC - ALP). Both the 2wk DC and the 4wk DC were found to be 
negative for the IF staining for CD31 (Figure 25A – 2wk DC/4wk DC – CD31). These 
results indicate that the cultivation of prevascularized MSC/HDMEC CCs under 
osteogenic conditions allows for the generation of calcified samples containing an 
endothelial fraction organized in homogeneous cell layers. 

Reduction of the time to implantation of an in vitro prevascularized biomaterial to be 
used in regenerative medicine is a major goal in tissue engineering (Rouwkema et 
al., 2008) Therefore, a shortened phase of prevascularization was investigated in the 
context of a subsequent phase of oCC to obtain prevascularized calcified cultures 
within a reduced time frame. CCs of non-primed MSC with HDMEC were cultivated 
under angiogenic conditions in ECGM for 3d (3d CC), 7d (7d CC) or 2wk (2wk CC) to 
generate the formation of VLS. Subsequently, the medium in these prevascularized 
CCs was changed to ODM for osteogenic co-cultivation for 72h (72h oCC) or 7d 
(7d oCC) and the resulting levels of calcification in the oCC were monitored using 
transmitted light microscopy. IF staining for CD31 demonstrated the formation of VLS 
in 7d CC (Figure 25C – CD31/DAPI), while no VLS were obtained after 3 d of co-
cultivation (Supplementary Figure 12). Slight amounts of matrix calcification were 
observed after 72h oCC and 7d oCC in 7d CC (Figure 25C - TL). This outcome was 
comparable to 2wk CC cultivated under osteogenic conditions (Supplementary 
Figure 12). No evidence of matrix calcification was found after 72h oCC but 7d oCC 
in 3d CC (Supplementary Figure 12). Comparative DC exhibited no matrix 
calcification at any of the investigated time points (Figure 25C – TL/small inserts; 
Supplementary Figure 12 – small inserts). 

3.6.1 Evaluation of the osteogenic co-cultivation in a time-dependent manner 

Since the degree of matrix calcification was found to attain a maximum after 2 wk of 
oCC (Figure 25B) the cultivation of prevascularized MSC/HDMEC CCs was studied 
in a time-dependent manner over a 14d period (Figure 26). The formation of a 
calcified matrix in 7d CC followed by oCC for 12h, 24h, 48h, 72h, 5d, 7d and 14d was 
investigated by AR, VK and ALP activity staining. 

The evaluation of osteoblastic differentiation markers revealed an initial calcification 
after 72h oCC as demonstrated by a positive AR and VK staining (Figure 26 – 72h 
oCC – AR/VK). The intensities of both staining methods (VK and AR) were found to 
increase in a time-dependent manner up to 14d oCC by all of the individual donors 
(Figure 26 – 72h to 14d oCC – AR/VK; Supplementary Figure 13A1-D1). The 
analysis of the microscopic images was supported by the quantitative measurements 
of the AR staining (Figure 27A – 7d CC + oCC). The result was not found to be 
consistent at the single donor level (Supplementary Figure 13) as the donors 1 and 2 
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exhibited an initial calcification after 5d oCC (Supplementary Figure 13 A1 and B1), 
whereas the donors 3 and 4 showed an initial calcification after 72h oCC and 
7d oCC, respectively (Supplementary Figure 13 C1 and D1). The ALP activity 
staining showed a constant intensity during oCC (Figure 26 – oCC – ALP). In the 
corresponding DC, a positive staining for ALP was first observed after 14d oCC 
(Figure 26 – 14d DC – AR/VK). The quantitative analysis of the AR staining could not 
confirm the microscopic observations (Figure 27A – (7d+7d) DC; for single donor 
analysis see Supplementary Figure 13A1-D1). 

To determine what effects a prolonged prevascularization phase had on the cultures, 
ECGM was replaced after 2 wk and the CC were cultivated under osteogenic 
conditions for an additional 12h, 24h, 48h, 72h, 5d, 7d and 14d in ODM. The 
quantitative analysis of the AR staining exhibited a time-dependent increase with a 
positive signal initially detected after 48h oCC (Figure 27A – 2W CC + oCC). At the 
single donor level 2 of 3 donors represented the course of the mean value 
(Supplementary Figure 13 B2 and C2) while one donor exhibited an initial 
calcification after 5d oCC (Supplementary Figure 13 A2). A similar pattern was 
observed in the DC. An initial increase of the mean AR staining intensity was 
detected after 5d in ODM followed by a slight increase up to 14d (Figure 27A – 
(2W+7d) DC). At the single donor level 2 of 3 donors represented the course of the 
mean value while one donor remained negative for the quantitative analysis of the 
AR staining (Supplementary Figure 13 A2, B2 and C2). In comparison, when 
prevascularized CC (7d CC and 14d CC) were maintained under prolonged 
angiogenic conditions (angCC) for 12h, 24h, 48h, 72h, 5d, 7d and 14d as a control 
no calcification was detected (Figure 27A – 7d CC/14d CC + ang CC).  
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Figure 26: Microscopic evaluation of the matrix mineralization and ALP activity during the osteogenic 
co-cultivation (oCC) of prevascularized 7d CC compared to a differentiation control (DC) by AR, VK 
and ALP activity staining, Scale bars: 500 µm. All images shown in A correspond to donor 2 in 
Supplementary Figure 13. 

3.6.2 Evaluation of the osteogenic co-cultivation at the protein level 

To evaluate the osteogenic differentiation during oCC at the protein level, the ALP 
activity during oCC, angCC and DC was determined in protein lysates of the cell 
cultures. The ALP is widely accepted as an early stage marker for the analysis of 
osteogenic differentiation in MSC (Beck et al., 2000, Tsai et al., 2009, Honda et al., 
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2013). The activity of ALP was measured after 24h and 5d of oCC, angCC and DC 
(Figure 27B), thus investigating a time point prior to the first detectable calcification 
during oCC and a time point were calcification was initiated by all donors (Figure 
27A; Supplementary Figure 13 A1, B1, C1 and D1). The activity of ALP was 
upregulated during oCC and angCC compared to the DC (Figure 27B). Furthermore, 
a time-dependent increase of the ALP activity was detected during co-cultivation in 
oCC (Figure 27B). A similar time-dependent trend was measured in the DC (Figure 
27B – blue bars), although the ALP activity level remained below the level measured 
during oCC (Figure 27B – blue versus red bars). MCs of HDMEC exhibited no ALP 
activity (Figure 27B). Altogether, these results indicate that the cultivation of 
prevascularized CCs under osteogenic conditions in ODM allows for the rapid 
induction of osteogenesis and the mineralization of the extracellular matrix. At the 
same time, the results suggest that under comparable culture conditions osteogenic 
differentiation is induced at a statistically much lower level in the DC. 

Based on these findings further studies were carried out to determine if endochondral 
ossification (ECO) was induced in prevascularized MSC/HDMEC CCs during oCC. In 
this context, it was shown that endothelial cells exhibit regulatory functions in the 
physiological process of ECO in vivo (Babarina et al., 2001, Bittner et al., 1998). To 
address a possible connection between the cultivation of prevascularized CC under 
osteogenic conditions and the induction of ECO 2D samples obtained after 7d oCC 
were stained for the expression of glycosaminoglycans (GAG) using Alcian Blue (AB) 
and the expression and activity of ALP using ALP activity staining. In this context, it 
has been shown by others that an increased ALP expression and activity is also 
connected to ECO (Scotti et al., 2010, Mackie et al., 2008b). It can be seen from 
Figure 27C (ALP/AB) that a positive signal was obtained from the AB staining in the 
CC after 7d oCC (yellow arrows). The remaining areas are linked to an increased 
intensity of ALP activity staining (Figure 27C – ALP/AB/white arrows). Furthermore, 
IF staining for CD31 revealed the AB-positive location to be covered by remaining 
endothelial cell layers (Figure 27C – ALP/AB/CD31/white arrows). To evaluate time-
dependent changes in the AB staining intensity prevascularized 7d CC cultivated 
under osteogenic conditions for 12h, 24h, 48h, 72h, 5d, 7d and 14d were stained 
using ALP activity staining and AB staining. A time-dependent increase of the AB 
staining intensity was found in the CC during oCC with an optical maximum intensity 
obtained after 14d oCC (Figure 27D - oCC). A similar result was found when the 
prevascularized 7D CC were cultivated under prolonged angiogenic conditions 
(Figure 27D - angCC). No AB signal was detected in the DC at any investigated time 
point (Figure 27D - DC). The microscopic observations were supported by 
quantitative data from image analysis of the AB staining intensity, demonstrating the 
time-dependent trend during oCC and angCC and unchanged intensities in the DC 
comparable to the control (Figure 27E). To assess an influence of the incorporated 
endothelial cell fraction on the final degree of osteogenic differentiation during oCC 
the proportion of endothelial cells in the co-culture was increased.  
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Figure 27: Evaluation of the osteogenic differentiation in MSC/HDMEC CCs during oCC, angCC and 
in DC. A: Quantitative analysis of AR staining during oCC and angCC of MSC/HDMEC CCs 
prevascularized for 7d (7d CC, n = 4) or 2 wk (2wk CC, n = 3) and in DC; B: Determination of the ALP 
activity in CCs during oCC and angCC and in DC, asterisks indicate statistical significance: *: p < 0.05, 
**: p < 0.01, n = 3; C: Correlation of ALP activity staining (ALP) with Alcian Blue (AB) staining and IF 
staining for CD31 after 7d oCC, Scale bars: 200 µm; D: Time-dependent evaluation of GAG deposition 
during oCC and angCC as well as in DC using AB staining, Scale bars: 200 µm; E: Image-based 
quantification of AB staining intensities from time-dependent AB staining during oCC, angCC and in 
DC as exemplarily shown in D, n = 3; F: Quantitative analysis of AR staining in CCs with varying CSR 
after  7d oCC and 7d angCC, n = 3; G: Values for CSR of 1:2 and 1:4 shown in F normalized to 
1:0.66, n = 3 

By varying the MSC:HDMEC CSR from 1:0.66 to 1:2 or 1:4 the degree of matrix 
calcification was increased after 7d oCC, resulting in a maximum value when a CSR 
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of 1:4 was used (Figure 27F – red bars). Compared to a CSR of 1:0.66 the changes 
represent a 1.5-fold and 3-fold increase in the AR staining intensity for a CSR of 1:2 
and 1:4, respectively (Figure 27G). No matrix calcification was observed after 
7d angCC (Figure 27F – blue bars). These data indicate that the degree of 
osteogenic differentiation during oCC can be adjusted by controlling the proportion of 
endothelial cells present in the CC. 

3.6.3 Osteogenic co-cultivation and vessel regression 

The regression of VLS detected by IF staining was observed in CCs undergoing 
osteogenic differentiation during oCC. After 7d oCC a strong degree of regression of 
VLS linked to an intense calcification along the former VLS was observed by TL 
microscopy, IF staining for CD31 as well as AR and VK staining (Figure 28A – F, 
respectively). While matrix calcification was initially detected after 72h oCC (Figure 
29A - oCC) VLS stained positively by AR and VK staining appeared at the same time 
(Figure 29A – 72h oCC). This effect was not observed at any earlier time point or 
during angCC (Figure 29A – oCC/angCC).  

 
Figure 28: Visualization of calcification along VLS after 7d oCC. A: Transmitted light microscopic 
image of calcified vessel structure; B: IF staining for CD31; C: IF staining for DAPI; D: Merge of A, B 
and C; Scale bars in A – D: 200 µm; E: AR staining of calcified VLS; F: VK staining of calcified VLS; 
Scale bars in E and F: 100 µm 

3.6.3.1 Evaluation of vessel regression during osteogenic co-cultivation 

The evaluation of vessel regression (VR) using IF staining for CD31 revealed a time-
dependent trend (Figure 29A – CD31/DAPI - oCC). The appearance of an 
inhomogeneous vessel morphology correlated with the course of calcification initially 
detected after 72h oCC (Figure 29A – CD31/DAPI/AR/VK – 72h oCC). Following the 
7d CC to allow for prevascularization, homogeneous VLS were detectable by IF 
staining up to 48h oCC (Figure 29A – CD31/DAPI – 0h oCC), whereas a massive 
regression of VLS was observed after 7d oCC (Figure 29A – CD31/DAPI - 7d oCC). 
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A similar effect could not be observed during angCC (Figure 29A – CD31/DAPI - 
angCC). 

 
Figure 29: Evaluation of time-dependent angiogenic changes during the cultivation of prevascularized 
MSC/HDMEC CCs under angiogenic (angCC) or osteogenic conditions (oCC) by IF staining for CD31 
(A) after 48h, 72h and 7d of angCC or oCC; Scale bars: 100 µm. Variations in the secretion of the 
angiogenesis-related GF VEGF, Ang-1 and Ang-2 were quantified after 24h, 72h and 7d of angCC or 
oCC using ELISA  

To investigate a possible correlation of VR with the release of angiogenesis-related 
GF the absolute concentrations of VEGF, Ang-1 and Ang-2 were quantified using 
ELISA in CC supernatants after 24h, 72h and 7d oCC/angCC and in DC. VEGF was 
found to be expressed at lower levels during oCC compared to angCC (Figure 29B - 
VEGF) while Ang-1 was expressed at increased concentrations during oCC and in 
DC and at decreased concentrations during angCC (Figure 29B – Ang-1). The 
expression of Ang-2 during oCC and angCC was present at comparable levels and 
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no Ang-2 was detected in the DC (Figure 29B – Ang-2). MSC MCs and HDMEC MCs 
demonstrated that VEGF and Ang-1 were expressed by MSC and Ang-2 was 
produced by HDMEC (Figure 29B). 

Taken together these results indicate i) that the rapid calcification during oCC is 
linked to parallel VR and ii) that the regression of VLS is linked to a shift in the 
secretion of VEGF, Ang-1 and Ang-2 towards an excess of Ang-2 during oCC. 

3.6.3.2 The response of endothelial cells to components of osteogenic medium 

Since VR was detected during oCC studies were performed to determine if individual 
supplements in ODM were responsible for the changes in the proliferation and 
phenotype of HDMEC, leading to apoptosis or cell death. For example, it is known 
that the addition of glucocortocoids to EC MCs enhances the endothelial barrier 
function (Keil et al., 2013, Romero et al., 2003) and inhibits angiogenic changes in 
EC (Logie et al., 2010). A similar inhibitory effect on tube formation was 
demonstrated for increased levels of inorganic phosphorous (Pi) in human cardiac 
EC cultures (Di Marco et al., 2013). To test if the phenotype of HDMEC is affected by 
Dex or βGP cells were first cultivated as MCs for 7d in ECGM, ODM, ODM without 
Dex (ODMw/oDex) and ODM without βGP (ODMw/oβGP) and subsequently 
analyzed for the expression of CD90, CD105, CD73, CD44, CD31, CD34 and CD146 
using flow cytometry. These markers were shown to be involved in the inflammatory 
activation of EC (CD90 (Saalbach et al., 1999)), in metabolism and GF signaling of 
EC (CD73, CD105 (Narravula et al., 2000, Li et al., 2003)), in cell-cell and cell-matrix 
adhesion of EC (CD31, CD146, CD44 (Albelda et al., 1991, Cao et al., 2006, Bardin 
et al., 2001)) and in the identification of tip-cells in EC cultures and adhesive function 
of EC (CD34 (Siemerink et al., 2012, Delia et al., 1993)). 

The flow cytometric analyses revealed a medium-independent expression of all 
markers on HDMEC except CD34 (Supplementary Figure 22). The expression of 
CD90 and CD44 was absent and remained unchanged in the different media 
(Supplementary Figure 22). The expression of CD34 was the only factor found to be 
changed and this was slightly decreased by 14.5 %, 25 % and 15.2 % when medium 
was changed from ECGM to ODM, ODMw/oDex or ODMw/oβGP, respectively 
(Supplementary Figure 23). These results suggest that the phenotype of HDMEC is 
not affected upon cultivation of HDMEC MCs in ECGM, ODM, ODMw/oDex or 
ODMw/oβGP. Since CD34 was demonstrated to be linked to angiogenic tip cell 
identification or the overall adhesive function of EC (Delia et al., 1993, Siemerink et 
al., 2012), the changes of CD34 expression found here probably indicate that the 
adhesive functions of HDMEC or the number of tip cells in HDMEC MCs might be 
affected upon cultivation of HDMEC in osteogenic medium most prominently when 
only high levels of βGP (10 mM) are present. 
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Similarly, morphological changes were detectable by TL microscopy (Figure 30A). 
HDMEC cultivated in ECGM exhibited a typical cobblestone-like morphology (Figure 
30A – ECGM), which, however, was changed to a more flattened appearance when 
HDMEC were grown in ODM or ODMw/oβGP (Figure 30A – ODM/ODMw/oβGP). 
The avoidance of Dex from ODM (ODMw/oDex) resulted in an optical reduction of 
the cell density and the break-up of the confluent EC layer (Figure 30A – 
ODMw/oDex). IF staining for CD31 and F-actin further confirmed a medium-
dependent impact on cell-cell contacts and the arrangement of the cytoskeleton. In 
HDMEC cultivated in ECGM CD31 and F-actin formed a delicate linear expression 
pattern that closely overlapped (Figure 30B – ECGM, Figure 30C – asterisks indicate 
location of CD31 positive cell - cell contacts, black arrows indicate F-actin signal). By 
contrast, HDMEC MCs cultivated in ODM or ODMw/oβGP exhibited a thickened 
expression pattern of CD31 and the formation of peripheral stress fibers in the 
cytoskeleton (Figure 30B – ODM/ODMw/oβGP). The increased staining intensities 
and structural changes were confirmed by the plot profile analysis showing wide 
peaks of F-actin (black arrows) around CD31 signal structures (black asterisks) 
(Figure 30C - ODM/ODMw/oβGP). In HDMEC MCs cultivated in ODMw/oDex the IF 
signal for F-actin revealed an irregular distribution of F-actin while the CD31 signal 
was clearly reduced compared to the other media (Figure 30B – DAPI/CD31/F-actin -
 ODMw/oDex). This observation was underlined by the plot profile analysis (Figure 
30C - ODMw/oDex). Intensity measurements of phalloidin staining reactions using 
image analysis and flow cytometry clearly indicated that both the staining intensity in 
adherent cells (Figure 31A) and the intensity in detached cells (Figure 31B) was 
increased in ODM and ODMw/oβGP compared to ECGM or ODMw/oDex. This 
outcome suggests that during cultivation of HDMEC MCs in ODM or ODMw/oβGP F-
actin is not only morphologically rearranged but also increasingly expressed. Based 
on the morphological changes described above, effects of the medium composition 
on the proliferation of HDMEC were evaluated by image analysis. The results 
demonstrated that the proliferation of HDMEC in general was not inhibited by ODM, 
Dex or βGP, as indicated by increasing cell densities over time (Figure 31C). Since 
HDMEC were exposed for 7d to the differentiation medium during oCC a total 
duration of 7d was investigated in HDMEC MCs. Although no inhibition of 
proliferation was observed, the quantitative analysis of cell densities after 1d, 2d, 5d 
and 7d revealed differences in the absolute densities and growth rates (Figure 31D) 
with ECGM demonstrating the strongest increase of density over time (green line) 
and ODMw/oDex exhibiting the lowest (blue line). Independently, the cell density 
constantly increased up to 7d when HDMEC MCs were grown in ODMw/oDex while 
a plateau was reached after 5d to 7d when HDMEC MCs were cultivated in ODM or 
ODMw/oβGP. In ECGM an overall maximum density of 0.86 x 105 cells/cm2 (± 0.03 x 
105 cells/cm2) was reached after 5d, whereby a decrease was detected leading to a 
final cell density of 0.65 x 105 cells/cm2 (± 0.015 x 105 cells/cm2) after 7d that was 
similar to the final densities obtained in ODM or ODMw/oβGP (Figure 31D – green, 
red and purple line). 
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Figure 30: Microscopic evaluation of morphological changes in HDMEC MCs grown under 
comparative conditions in ECGM, ODM, ODMw/oDex and ODMw/oβGP; A: Overview - Phase contrast 
imaging and IF staining for cell-cell contacts (CD31/green), cytoskeleton (phalloidin/red) and cell 
nuclei (DAPI /blue), Scale bars = 20 µm; B: Exemplary region of interest (ROI) for plot profile analyses 
indicated by straight line; C: Plot profiles based on ROI indicated in B 
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Figure 31:  Quantification of structural changes in the cytoskeleton, the proportion of apoptotic cells 
and cell proliferation in HDMEC MCs grown under comparative conditions in ECGM, ODM, 
ODMw/oDex and ODMw/oβGP; A: Quantification of phalloidin-TRITC staining intensities (adherent 
HDMEC) from images shown in Figure 30A using image analysis; B: flow cytometric analysis and 
quantification of phalloidin-TRITC staining intensities in detached HDMEC, region plots and numbers 
indicate percentages of phalloidin-positive (blue) and phalloidin-negative (red) cells; C: Determination 
of cell densities after 1d,2d,5d and 7d, indicated significance: *: p < 0.05, **: p < 0.01, ***: p < 0.001; 
D: Determination of cell densities after 1d,2d,5d and 7d to indicate different growth rates; E: Flow 
cytometric analysis and quantification of live, early apoptotic, late apoptotic and dead cell fractions in 
HDMEC MCs after 7d in ECGM, ODM, ODMw/oDex or ODMw/oβGP  
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In ODMw/oDex a slightly lowered final cell density of 0.49 x 105 (± 0.054) was 
measured (Figure 31D – blue line). To assess whether morphological changes and 
differences in the cell growth rate were linked to the induction of apoptosis during the 
cultivation of HDMEC in ECGM, ODM, ODMw/oDex or ODMw/oβGP HDMEC MCs 
were double-stained with 7-AAD and an anti-AnnexinV antibody (AnV) after 7d of 
cultivation. With this method it is possible to distinguish healthy cells (7-AAD- AnV-) 
from early apoptotic cells (7-AAD- AnV+), late apoptotic cells (7-AAD+ AnV+) or dead 
cells (7-AAD+ AnV-) (Vermes et al., 1995). The analysis shown in Figure 31E 
confirmed the presence of all of the mentioned cell fractions, independent of the 
medium type. The percentage of early apoptotic cells was slightly higher in ODM 
(9.15 %) and ODMw/oDex (10.2 %) compared to ECGM (7.5 %) or ODMw/oβGP 
(5.35 %) (Figure 31F – yellow bars). The percentage of late-apoptotic cells was 
clearly increased in ODM (11.64 %), ODMw/oDex (17.6 %) and ODMw/oβGP (9.56 
%) compared to ECGM (5.75 %; Figure 31F – orange bars). A similar trend was 
detected when the fraction of dead cells was quantified in ECGM (1.28 %), ODM 
(2.25 %), ODMw/oDex (4.34 %) and ODMw/oβGP (3.98 %; Figure 31F – red bars). 
To evaluate whether βGP alone (ODMw/oDex) exhibited a pro-apoptotic effect and 
Dex alone (ODMw/oβGP) exhibited an anti-apoptotic effect on HDMEC cultivated in 
ODM the corresponding percentages were set in proportion to the values obtained 
for all fractions in ODM. The results demonstrated that increased fractions of early 
apoptotic cells (+ 1.05 %), late apoptotic cells (+ 5.96 %) and dead cells (+ 2.09 %) 
were detected in ODMw/oDex compared to ODM (Supplementary Table 4). In 
contrast, decreased fractions of early apoptotic cells (- 3.8 %) and late apoptotic cells 
(- 2.08 %) and a slightly increased fraction of dead cells were detected in 
ODMw/oβGP compared to ODM (Supplementary Table 4). 

Altogether, these results indicate that the addition of Dex to ODM buffers the 
negative effect of βGP supplementation on cell proliferation and apoptosis. 

3.6.4 Re-establishing a pro-angiogenic environment to maintain vascular 
structures or re-induce vascularization 

With regard to the maintenance of a vascular network during oCC an investigation 
was carried out to determine if vascularization and angiogenesis could be re-initiated 
once VR had begun. To determine this, prevascularized 7d CC were transferred to 
ODM for 48h oCC or 7d oCC to obtain VR (Figure 32A – green frame) and 
subsequently returned to ECGM (Recovery) for 24h, 72h or 7d or cultivated under 
prolonged oCC conditions (prl-oCC) in ODM for 24h, 72h or 7d as a negative control 
(Figure 32A – red frame). The re-inducibility of vascularization and angiogenesis was 
assessed by IF staining for CD31 and comparison of VLS obtained after Recovery or 
prl-oCC to VLS present after 7d CC+48h oCC and 7d CC+7d oCC. Additionally, 
matrix calcification as occurring during oCC (see section 3.6.1) was determined by 
AR staining and quantitative analysis of AR intensities and compared in the same 
manner. Since it was found earlier in this study that the oCC of prevascularized CCs 
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is linked to the deposition of GAGs (see section 3.6.2) AB staining was used to 
detect GAGs at the baseline level after 7d CC+48h oCC and 7d CC+7d oCC. The 
deposition and maintenance of GAGs after Recovery in ECGM or prl-oCC in ODM 
was evaluated by comparison of corresponding AB stains to the baseline level 
thereafter. To evaluate any changes in the release of GF as detected during oCC in 
previous sections (see section 3.6.3.1) levels of VEGF, Ang-1 and Ang-2 were 
determined by ELISA. GF measurements were also performed to estimate the status 
of angiogenic re-induction (VEGF, Ang-2) and vessel stabilization (Ang-1) during 
Recovery and prl-oCC. Furthermore, ELISA measurements were performed for BMP-
4 released into the supernatants during oCC, Recovery and prl-oCC. BMP-4 has 
been described as an “osteogenic BMP” released by EC (Dudakov et al., 2015, 
Sorescu et al., 2004) and acting in a pro-osteogenic manner on the osteogenic 
differentiation of MSC (Luu et al., 2007, Wang et al., 2014). By using these methods, 
it should be possible to determine whether a pro-osteogenic stimulus released by the 
HDMEC would be constantly present in the CC system or whether the stimulus is 
changed during oCC, Recovery or prl-oCC. 

Following the initial co-cultivation for 7d to achieve prevascularization VLS-forming 
angiogenic networks were detectable (Figure 32B – 7d CC/CD31/DAPI and 
CD31/DAPI-z). No matrix calcification was observed by AR staining at this time point 
(Figure 32B – 7d CC/AR). A similar result was obtained after 48h oCC (Figure 32B - 
+48h oCC). After 7d oCC advanced VR was observed by IF staining for CD31 
(Figure 32B - +7d oCC/CD31/DAPI) and a large amount of calcification of the 
extracellular matrix was confirmed by AR staining (Figure 32B - +7d oCC/AR). The 
upward trend of the intensity found in AR stains was also represented by AB stains 
performed in 7d CC, 48h oCC and 7d oCC samples (Figure 32B – rows AR and AB), 
thus indicating the deposition of GAGs in the course of oCC but not after initial 
7d CC. The microscopic observations were supported by a quantitative analysis of 
AR intensity and image-based quantification of AB intensities (Figure 32C). ELISA 
measurements performed to determine changes in the expression of VEGF, Ang-1 
and Ang-2 as described in the context of VR in previous sections (see section 
3.6.3.1, see also Figure 29B and Figure 22B) demonstrated a decreasing trend in the 
expression of VEGF, an increasing expression of Ang-1 and a constant expression of 
Ang-2 in supernatants of 7d CC, 48h oCC and 7d oCC samples, respectively (Figure 
32D). BMP-4 was detected by ELISA at comparable concentrations in supernatants 
of 7d CC and 7d oCC samples but slighty decreased concentrations in supernatants 
of 48h oCC samples (Figure 32D). Taken together, the baseline level (Figure 32A – 
green frame) for the evaluation of the maintenenance or re-induction of VLS during 
Recovery or prl-oCC is characterized by VR and matrix calcification obtained after 
7d oCC but not 48h oCC. Further characteristics are the deposition of GAGs in the 
course of oCC and the disregulation of angiogenic factors and BMP-4. 
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Figure 32: A: Schematic representation of a sequential medium strategy for the maintenance or re-
induction of VLS in prevascularized CC of MSC with HDMEC after oCC; Green frame: schematic 
representation of the generation of control cultures (baseline level); Red frame: Schematic 
experimental procedure for the investigation of angiogenic re-induction; B: Microscopic evaluation of 
vessel formation, vessel morphology, matrix calcification and GAG deposition in CC after 7d of 
prevascularization (7d CC) and additional 48h oCC (+48h oCC) or 7d oCC (+7d oCC); Scale bars: 
AR/CD31 = 200 µm, CD31-z = 50 µm, AB = 5 mm; C: Quantitative analysis of alcian blue (AB) and 
alizarin red (AR) staining intensities using image analysis and acidic dissolution, respectively; D: 
Quantification of VEGF, Ang-1, Ang-2 and BMP-4 in CC supernatants using ELISA. 

In this context, VEGF was found to be decreased by ≈70%, Ang-1 was found to be 
increased by ≈120%, Ang-2 was found to be present at constant excess 
concentrations and BMP-4 was found to be slightly disregulated after 48h oCC. As 
indicated by the experimental procedure to re-establish a pro-angiogenic 
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environment (Figure 32A – red frame) the maintenance of VLS was achieved upon 
recovery of 48h oCC cultures in ECGM (Figure 33A – 48h oCC/CD31-
DAPI/Recovery). In 7d oCC samples the formation of newly formed VLS was 
observed by IF staining for CD31 (Figure 33B – 7d oCC/CD31-DAPI/Recovery). In 
contrast, a constant VR was detected during prl-oCC of 48h oCC samples (Figure 
33A - 48h oCC/ CD31-DAPI/prl-oCC), whereas the total extinction of VLS resulted 
from prl-oCC of 7d oCC samples (Figure 33A – 7d oCC/CD31-DAPI/prl-oCC). When 
AR staining was applied, it could be observed that VR during prl-oCC of 48h oCC 
samples correlated with an increased matrix calcification (Figure 33A - 
48h oCC/AR/prl-oCC). Likewise, this time-dependent matrix calcification was 
detected during recovery in ECGM, although to a lower extent. Moreover, VLS were 
maintained (Figure 33A – 48h oCC/AR/Recovery). In 7d oCC samples a constant 
degree of calcification was detected during recovery or prl-oCC (Figure 33A – 
7d oCC/AR/Recovery/prl-oCC). These microscopic observations were confirmed by 
quantitative analysis of the AR staining (Supplementary Figure 20). 

Following the evaluation of vessel maintenance and matrix calcification during 
recovery and prl-oCC of 48h oCC and 7d oCC samples it was evaluated whether the 
deposition of GAGs would be affected by the sequential medium strategy. For this, 
the corresponding CCs were stained with AB after 7d of recovery or prl-oCC. It was 
found that the deposition of GAGs was maintained and was also independent of the 
medium strategy (Figure 33B). The observed trend was confirmed by quantitative 
image analysis. The final intensity was found to be increased in 7d oCC samples 
compared to 48h oCC samples after 7d of recovery or prl-oCC (Supplementary 
Figure 21).When ELISA measurements were performed to determine the expression 
of angiogenic GFs and BMP-4 during recovery or prl-oCC of 48h oCC samples and 
7d oCC samples the expression of VEGF was found to be re-increased during the 
recovery of the corresponding CCs in ECGM in a time-dependent manner (Figure 
33C – VEGF/blue bars). This effect was observed when both 48h oCC and 7d oCC 
samples were placed into ECGM (Figure 33C – VEGF/blue bars). The expression of 
VEGF was found to be constantly decreased when the corresponding 48h oCC and 
7d oCC samples were cultivated under prl-oCC conditions (Figure 33C – VEGF/red 
bars). The opposite behavior was detected for the expression of Ang-1 (Figure 33C – 
Ang-1) while the expression of Ang-2 and BMP-4 by the cells remained unaffected 
after placing the CCs into ECGM during recovery or into ODM for prl-oCC (Figure 
33C – Ang-2/BMP-4). 

Taken together, these results demonstrate that sequential medium conditions can re-
establish a pro-angiogenic GF environment to re-induce vessel formation following a 
period in which VR occurs. Increasing matrix calcification and maintained GAG 
deposition further reveal that the osteogenic differentiation induced during oCC is not 
reduced or inhibited by changing medium type. 
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Figure 33:  Evaluation of a sequential medium strategy to re-establish a pro-angiogenic environment; 
A: Microscopic evaluation of VLS formation, VR and matrix calcification in 48h oCC and 7d oCC 
samples during 24h to 7d of recovery in ECGM or prl-oCC in ODM using IF staining for CD31 and AR 
staining, Scale bars: 500 µm; B: AB staining after 7d of recovery or prl-oCC reveals GAG deposition, 
Scale bars: 5 mm; C: Quantification of VEGF, Ang-1, Ang-2 and BMP-4 during recovery and prl-oCC 
using ELISA 

3.6.5 Investigation of the osteogenesis pattern of MSC in an indirect co-
culture of MSC with endothelial cells. 

Based on the effect generated in prevascularized CC during oCC a study was 
performed to determine if indirect CC could be used to induce the osteogenic 
differentiation via secreted signaling molecules in MSC MCs in a cell CC model 
where cells did not have direct contact. It has been shown that GFs like BMP-2 or 
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BMP-4 secreted by EC (Helbing et al., 2011, Mohan et al., 1998) can influence the 
osteogenic differentiation of bone marrow-derived MSC (Kaigler et al., 2005, 
Beederman Maureen, 2013). To assess the involvement of a GF-based signaling an 
indirect CC model was generated in a transwell system (Figure 34A). 

To establish this system, a 7d CC was performed with EC in the bottom chamber 
(BC) of a transwell chamber allowing for prevascularization. An MSC MC of the same 
donor was cultivated in the top chamber (TC) on the upper side of the transwell 
membrane (MSC/CC). This system was cultivated for 7d in ECGM followed by 
7d oCC and subsequently analyzed by AR staining to estimate whether the rapid 
matrix calcification obtained in the CC during oCC could be induced in the MSC MC 
as well. To evaluate whether secreted GF or cytokines, and thus a paracrine effect, 
were responsible for the osteogenic differentiation induced during oCC, similar 
systems were cultivated which combined an MSC MC in the TC with a bare BC 
(MSC/Blank), a MSC MC in the TC with an MSC MC in the BC (MSC/MSC) and a CC 
in the BC with a MSC MC in the TC that was added at the time the oCC was initiated 
(MSC-7d/CC). Finally, the calcification was assessed by quantitative analysis of the 
AR staining intensity. 

 
Figure 34: Evaluation of direct cell-cell contact and CC composition on osteogenic differentiation 
during oCC; A: Investigation of paracrine interactions during oCC in a transwell system, Scale bars: 
200 µm; B: Quantification of AR intensities shown in A obtained from AR staining applied to transwell 
systems 

The microscopic evaluation of the AR staining showed comparable AR intensities in 
MSC MC (Membrane Topside) and CC (Well Bottom) in MSC/CC samples and MSC-
7d/CC samples after 7d oCC (Figure 34A – MSC/CC and MSC-7d/CC). In MSC/MSC 
samples a less intense AR signal was obtained (Figure 34A – MSC/MSC) while a 
negative staining resulted from MSC/Blank samples after 7d oCC (Figure 34A – 
MSC/Blank). The microscopic observations were confirmed by the quantitative 
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analysis of the AR staining, showing the highest values in MSC/CC and MSC-7d/CC 
samples compared to about 3 to 6-fold reduced values in MSC/MSC samples (Figure 
34B). 

In summary, the above-mentioned results indicate that the osteogenic differentiation 
of MSC is rapidly induced in a non-contact triple-culture with prevascularized 
MSC/HDMEC CC. This suggests i) that the induction of osteogenic differentiation by 
prevascularized MSC/HDMEC CCs during oCC does not require direct cell-cell 
contact and ii) that prevascularized MSC/HDMEC CCs could be used to enhance the 
osteogenesis in MSC MCs via non-direct contact approaches. This also indicates 
that extracellular compounds are being released in a paracrine signaling context that 
could diffuse to other cells and influence protein expression. 

3.6.6 The influence of the type of endothelial cells on the osteogenic co-
cultivation with MSC 

Following the evaluation of osteogenesis in prevascularized MSC/HDMEC CCs 
studies were initiated to determine whether the osteogenic effect obtained during 
oCC can be induced in CCs of MSC with other types of EC or if it is exclusively linked 
to microvascular EC, such as HDMEC. For this purpose, CCs of MSC with 
macrovascular HUVEC or peripheral blood OEC were performed for 7d to permit 
prevascularization, and subsequently cultivated under oCC conditions in ODM for 7d.  
It can be seen from Figure 35C that intense AR and VK stains resulted after 7d oCC 
independent of the type of EC. Negative stains for AR or VK resulted after 7d angCC, 
in which CCs were cultivated in ECGM as a control, independent of the type of EC 
(Figure 35A – AR/VK - inserts). Quantitative measurements of the AR staining 
supported these findings (Figure 35C). In addition, ALP activity staining exhibited a 
lower intensity after 7d angCC compared to 7d oCC (Figure 35A - ALP – insert 
versus general image). When 7d CC of MSC with HUVEC or MSC with OEC were 
analyzed for the formation of VLS after 7d oCC by IF staining for CD31 a very weak 
or no tube formation was detectable (Figure 35B – CD31/DAPI). Nevertheless, the 
CD31 staining demonstrated the presence of EC linked to an intense AB staining 
after 7d oCC (Figure 35A – ALP/AB – MSC+HUVEC and MSC+OEC). After 
7d angCC a negative AB staining was obtained independent on the type of EC 
(Figure 35A – ALP/AB – inserts). 

The strong osteogenic effect obtained in CCs of MSC with either HDMEC, HUVEC or 
OEC during oCC indicates that the osteogenic differentiation of the MSC within the 
CCs can be induced by EC independent of their microvascular or macrovascular 
origins. Since HUVEC are linked to embryonic development the osteogenic effect 
induced in MSC/HUVEC CCs during oCC suggests a connection to a mechanistic 
background that is conserved among EC. To further confirm this hypothesis CCs of 
MSC with the human hemangiosarcoma cell line ISO-HAS-1 (Masuzawa et al., 1999) 
were performed for 7d in ECGM followed by 7d oCC. Similar to the results obtained 
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with MSC/HUVEC and MSC/OEC CCs a large amount of calcification and the 
incorporation of endothelial cells organized in homogeneous layers were detected 
after 7d oCC of MSC/ISO-HAS-1 CCs using AR staining and IF staining for CD31 
(Supplementary Figure 16). 

Altogether, the results suggest a mechanism highly conserved among EC that can be 
utilized to stimulate osteogenesis in MSC/EC CCs. 

 
Figure 35: Evaluation of the osteogenic differentiation and presence of an endothelial fraction in CCs 
of MSC with HUVEC and MSC with OEC after 7d oCC; A: Evaluation of osteogenic differentiation, 
matrix deposition and GAG deposition by ALP activity staining, AR + VK staining and AB staining, 
Scale bars: 500 µm; B: IF stainng for CD31 and DAPI to detect EC fractions after 7d oCC, Scale bars: 
500 µm; C: Quantification of AR intensities in CC of MSC with HUVEC (HUVEC) and MSC with OEC 
(OEC) after 7d oCC 

3.6.7 The influence of the type of MSC on the osteogenic co-cultivation with 
HDMEC 

Since the effect described during oCC was found to be independent of the type of EC 
used in the CC, studies were carried out to determine whether osteogenic 
differentiation can be stimulated when the type of MSC was varied. It has previously 
been shown that MSC derived from adipose tissue (atMSC) can be differentiated into 
osteoblastic cells using ODM (Kroeze et al., 2011, Schubert et al., 2011). As a 
negative control CCs of human dermal fibroblasts (HDF) with HDMEC were 
performed under the same conditions. The induction of osteogenic differentiation and 
matrix calcification in all CCs was assessed by ALP activity staining and AR staining.  
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Figure 36: A: Characterization bmMSC/HDMEC, adMSC/HDMEC and NHDF/HDMEC CCs after 7d in 
ECGM for the activity of ALP, the deposition of calcium and the localization of EC using ALP activity 
staining, AR staining and IF staining for DAPI (cell nuclei, blue), CD31 (green) and vWF (red), 
respectively; Scale bars: 500 µm; B: Comparative evaluation of CCs of bmMSC/HDMEC (positive 
control), atMSC/HDMEC and NHDF/HDMEC (negative control) after 7d oCC using ALP activity 
staining (ALP), AR staining for the deposition of calcium and IF staining for CD31, vWF and DAPI 
(green, red, blue, respectively) for the localization of EC; Small inserts represent the corresponding 
control after 7d angCC; Scale bars: Rows “ALP” and “AR” = 500 µm; Row “DAPI/CD31/vWF” = 200 
µm 

Initially, bmMSC, atMSC and HDF were evaluated for their potential to differentiate 
into cells of the osteoblastic, adipogenic or chondrogenic lineage using standard 
differentiation assays (Supplementary Figure 17). After 4 wk of cultivation in ODM, 
adipogenic differentiation medium (ADM) or chondrogenic differentiation medium 
(CDM) the cells were stained for calcium deposition, phosphate deposition, oil droplet 
formation and GAG deposition using AR, VK, OR-O, AB and SO staining, 
respectively. Bone marrow-derived MSC and atMSC exhibited a tri-lineage 
differentiation potential as indicated by positive staining for AR, VK, OR-O, B and SO 
(Supplementary Figure 17 – bmMSC and atMSC). It is noteworthy that atMSC 
showed a strong formation of oil droplets (Supplementary Figure 17 – atMSC/OR-O) 
but only a minor deposition of calcium and phosphate (Supplementary Figure 17 – 
atMSC/AR/VK). A limited differentiation potential was detected for HDF, exhibiting no 
signs of matrix calcification (Supplementary Figure 17 – HDF/AR/VK). 

Following this pre-experimental characterization, the bmMSC, atMSC and HDF were 
co-cultivated with HDMEC for 7d in ECGM and transferred into ODM for 7d oCC or 
kept in ECGM for 7d angCC as a control. The ALP activity staining revealed an 
increased staining intensity in all CCs after 7d oCC compared to each corresponding 
7d CC control (Figure 36B - ALP). The same was true when the CCs were 
transferred to 7d angCC, except for CCs of HDF with HDMEC, which remained 
negative for the ALP activity staining (Figure 36B – ALP/inserts). The AR staining 
revealed a strong matrix calcification in CCs of bmMSC and atMSC with HDMEC but 
no calcification in CCs of HDF with HDMEC after 7d oCC (Figure 36B - AR). 
Similarly, negative AR stains were obtained from all CCs after 7d angCC (Figure 
36B - AR/inserts). IF staining for CD31 and vWF demonstrated the presence of 
HDMEC after 7d oCC and 7d angCC in CCs of bmMSC, atMSC and HDF with 
HDMEC. However, VLS were only present in CCs of bmMSC with HDMEC (Figure 
36B - DAPI/CD31/vWF and inserts). 

Taken together these findings indicate that the rapid osteogenic induction in MSC/EC 
CCs during oCC is not exclusively limited to the use of bmMSC. The results further 
underline the fact that each CC comprises system-specific parameter optima which 
have to be addressed to achieve formation of VLS. 
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3.6.8 The evaluation of medium-based artifacts during osteogenic co-
cultivation 

Based on the analysis of parameters influencing the osteogenic differentiation of 
MSC in MSC/EC CCs during oCC studies were performed to determine whether 
other differentiation media could also induce osteogenic differentiation or whether 
this was exclusively limited to ODM. For these studies, CCs of MSC with HDMEC 
were cultivated in ECGM for 7d (7d CC Ctrl) to obtain VLS and subsequently 
transferred into various customized and commercial media for another 7d period 
referred to as “7d + name of the corresponding medium” (as indicated in Table 23). 
The purpose of these studies was to clarify whether matrix calcification, as described 
earlier for MSC/HDMEC CCs during oCC in ODM, could be a medium artifact. 
In the previous sections osteogenic differentiation was achieved by cultivation of cells 
in ODM supplemented with 10 mM βGP (for detailed supplementation see Table 23). 
To induce osteogenesis in MSC Dex is also added as a supplement (Grigoriadis et 
al., 1988, Langenbach and Handschel, 2013). Supplemented Pi has recently been 
discussed as a possible cause of non-physiological formation of amorphous calcium 
phosphate at elevated Pi levels, that is, above 2 mM (Langenbach and Handschel, 
2013). Therefore, one customized medium was supplemented with physiological 
concentrations (Nishizawa et al., 2005, Lau et al., 2010)) of 1.4 mM βGP (ODM 
(1.4 mM βGP) while a phosphate source was completely omitted from a control 
medium (ODM (w/oβGP)). ECGM served as a positive control for the evaluation of 
vessel formation while ECGM (+OS) served as a negative control since it was 
identified in a previous section as a medium in which a reduction of vessel formation 
and osteogenic differentiation occurred in MSC/HDMEC CCs (Figure 18; Figure 19). 
In addition, commercially available adipogenic, chondrogenic and osteogenic 
differentiation media (Comm.ADM, Comm.CDM and Comm.ODM, respectively, see 
Table 23) were included. The incorporation of Comm.ADM and Comm.CDM should 
address the tri-lineage differentiation potential of MSC in the MSC/HDMEC CCs, thus 
investigating whether VLS could be maintained while adipogenic or chondrogenic 
differentiation was induced. Following 7d of cultivation in the customized or 
commercial media listed in Table 23 osteogenic differentiation in the MSC/HDMEC 
CCs was evaluated by ALP activity staining and AR staining. The ALP activity 
staining indicated a homogeneous expression and constant ALP activity in all CCs 
independent of the medium applied (Figure 37A - ALP). The AR staining showed a 
specific signal for matrix calcification in CCs after 7d ODM (10 mM βGP), 
7d ODM (1.4 mM βGP) and 7d Comm.ODM (Figure 37A - AR). No specific AR 
staining was obtained from CCs after 7d in the other media (Figure 37A - AR). MSC 
MCs performed as DC exhibited an ALP activity staining that appeared to be less 
homogenous but nevertheless independent of the differentiation medium used 
(Supplementary Figure 18 - ALP). No matrix calcification was detected in DC after 7d 
of cultivation in any of the media described in Table 23 (Supplementary Figure 18 -
 AR). 
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Table 23: Customized and commercial differentiation media analyzed for their impact on the 
osteogenic differentiation of MSC/HDMEC CCs and MSC MCs 

Medium Detailed Description 
Customized/ 
Commercial 

ODM (10 mM βGP) 
aMEM + 10% FCS, 1% P/S, 50 µM 
Asc2P, 100 nM Dex and 10 mM βGP 

Customized 

ODM (1.4 mM βGP) β-GP level reduced to 1.4 mM Customized 

ODMw/oβGP No βGP added to ODM Customized 

ECGM ECBM + 15% FCS, heparin, bFGF Customized 

ECGM + OS 
Addition of 50 µM Asc2P, 100 nM Dex 
and 10 mM β-GP 

Customized 

Comm.ADM 
Gibco StemPro® adipogenic 
differentiation medium 

Commercial 

Comm.CDM 
Gibco StemPro® chondrogenic 
differentiation medium 

Commercial 

Comm.ODM 
Gibco StemPro® osteogenic 
differentiation medium 

Commercial 

The microscopic evaluation was confirmed by the quantitative analysis of the AR 
staining. Mean AR concentrations of approximately 3 mM, 0.25 mM and 1.5 mM 
were detected after 7d ODM (10 mM βGP), 7d ODM (1.4 mM βGP) and 
7d Comm.ODM, respectively (Figure 37B – red bars). These mean values represent 
a 33-fold, 2.5-fold and 23-fold increase compared to their corresponding DC (Figure 
37B). In the DC constant, absolute AR concentrations of approximately 0.08 mM 
were measured (Figure 37B – blue bars). To evaluate the maintenance of vascular 
structures IF staining for CD31 was performed (Figure 37C). CD31-positive VLS 
were present after 7d in all media except after 7d Comm.ADM or 7d Comm.CDM 
(Supplementary Figure 19). The assessment of vessel morphology in the different 
media indicated VR after 7d ODM (10 mM βGP), 7d (ECGM (+OS) and 
7d Comm.ODM (Figure 37C). In contrast, when βGP in ODM was reduced to 1.4 mM 
or completely omitted a homogeneous vessel morphology was maintained (Figure 
37C – ODM (1.4 mM βGP) and ODM (w/oβGP)). Independently, CCs exhibited a 
stable vessel morphology after 7d ECGM (Figure 37C - ECGM) that was negatively 
affected when OS were added to ECGM (Figure 37C – ECGM (+OS)). Furthermore, 
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the overall vessel density was found to be reduced after 7d in all media compared to 
7d ECGM (Supplementary Figure 19).  

 
Figure 37: A: Microscopic evaluation of osteogenic differentiation in MSC/HDMEC CCs after 7d oCC 
in customized and commercial differentiation media described in Table 23 using ALP activity staining 
and AR staining, Scale bars: 100 µm; B: Quantification of AR staining after oCC compared to DCs; C: 
Evaluation of vessel desnity and norphology in MSC/HDMEC CCs after 7d oCC in customized and 
commercial differentiation media described in Table 23 using IF staining for CD31, Scale bars: 
100 µm; D: Quantification of VEGF, Ang-1, Ang-2 and BMP-4 in MSC/HDMEC CCs after 7d oCC in 
customized and commercial differentiation media described in Table 23 using ELISA 
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Following the evaluation of vessel morphology, CC supernatants were analyzed after 
7d in all media listed in Table 23 for the concentrations of GFs involved in induction 
and stabilization of angiogenesis. It can be seen from Figure 37D that VEGF was 
secreted at varying levels among the cell culture media, with a tendency towards 
lower levels secreted in media containing Dex (Figure 37D – VEGF - 
ODM (10 mM βGP), ODM (1.4 mM βGP), ODM (w/oβGP), ECGM (+OS) and 
Comm.ODM). By contrast, in these media Ang-1 was increasingly expressed after 7d 
(Figure 37D – Ang-1). Lowered concentrations of Ang-1 were detected after 
7d ECGM or 7d Comm.ADM (Figure 37D - Ang-1). Ang-2, which acts synergistically 
with VEGF was found secreted at high concentrations of around 5 ng/mL after 
7d ODM (10 mM βGP) and 7d ODM (w/oβGP) (Figure 37D – Ang-2). Interestingly, 
Ang-2 concentrations were markedly reduced to 0.38 ng/mL (± 0.02 ng/mL) when 
βGP was lowered from 10 mM to 1.4 mM (Figure 37D – Ang-2). Similarly, low Ang-2 
concentrations of 0.72 ng/mL (± 0.266 ng/mL) were detected after 7d ECGM+OS, 
whereas Ang-2 level were found to increase to 2.33 ng/mL (± 0.8 ng/mL) when OS 
were omitted from ECGM (Figure 37D – Ang-2 – ECGM+OS and ECGM). After 
7d Comm.ADM, 7d Comm.CDM or 7d Comm.ODM intermediate Ang-2 
concentrations of 3.09 ng/mL (± 1.44 ng/mL), 3.37 ng/mL (± 1.59 ng/mL) and 
2.4 ng/mL (± 1.09 ng/mL) respectively were measured. (Figure 37D – Ang-2). The 
quantification of BMP-4 demonstrated the expression of constitutive levels in 
supernatants, independent of the medium (Figure 37D – BMP4). Slightly lowered 
BMP-4 concentrations were only detected after 7d Comm.ADM (Figure 37D – BMP4 
– Comm.ADM). 

Taken together, the results described above indicate that i) the induction of 
osteogenic differentiation and matrix calcification is not exclusively limited to the use 
of customized ODM (10 mM βGP) (referred to as “ODM” in all previous sections) and 
that ii) the induction of osteogenesis and matrix calcification during oCC can very 
likely be achieved at physiological P concentrations. 

3.6.9 Undifferentiated MSC in co-cultures of MSC with HDMEC under 
osteogenic culture conditions 

To investigate whether the cultures obtained after 7d oCC contain a fraction of 
undifferentiated and expandable stromal cells, which might serve as a constant stem 
cell source, corresponding CCs were enzymatically digested after 7d oCC or 
7d angCC and subsequently transferred into T75 flasks for cell expansion over 2 
passages. After reaching approximately 80 - 90% confluence the expanded cells 
were harvested and analyzed for a tri-lineage differentiation potential using 
differentiation assays. The cells exhibited the potential to differentiate into cells of the 
osteogenic, the adipogenic and the chondrogenic lineage as shown by positive AR 
and VK staining (deposition of calcium and phosphate, respectively), positive OR-O 
staining (oil-droplet formation) as well as positive AB and SO staining (deposition of 
GAG) (Figure 38). The tri-lineage differentiation potential was also found to be 
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independent of both oCC and angCC. Additionally, the expanded cells were analyzed 
for the expression of surface markers recommended for the characterization of MSC 
using flow cytometry (Dominici et al., 2006). Cells isolated and expanded following 
7d angCC were found negative for the expression of CD11b, HLA-DR, CD19, CD34, 
CD45, CD31 and CD146 and highly positive for the expression of CD73, CD90, 
CD105, CD29 and CD44 (Supplementary Figure 24). When cells were isolated and 
expanded following 7d oCC they were found negative for the expression of CD11b, 
CD19, CD45, CD31 and CD146, slightly positive for the expression of HLA-DR and 
CD34 and highly positive for the expression of CD73, CD90, CD105, CD29 and 
CD44 (Supplementary Figure 25). Taken together, these results demonstrate that an 
undifferentiated and expandable pool of MSC is present in prevascularized CCs after 
7d oCC. 

 
Figure 38: Evaluation of a tri-lineage differentiaion potential of MSC isolated from CCs after 7d oCC 
(row A) or 7d angCC (row B); Scale bars: AR/VK = 500 µm, OR-O = 200 µm, AB/Saf-O = 500 µm   

 

A 

B 
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4 Discussion 

In the present study the basis for a strategy to generate prevascularized and 
osteogenic tissue samples using a MSC/EC CC model was developed. A 
comparable strategy focusing on minimal GF supplementation to highlight paracrine 
cellular crosstalk has not been described to-date. By establishing a step-by-step 
approach first the osteogenic differentiation of MSC was optimized in 2D and 3D 
serving as a basis for sequential medium strategies to induce the formation of VLS in 
a competitive manner.  

The present study successfully evaluated a newly introduced bone substitute 
material, namely tNiTi, as a promising candidate material for advanced BTE 
strategies using a perfusion bioreactor (see section 3.2). While MSC have been 
shown to be differentiated into osteoblastic cells on 3D tNiTi scaffolds using ODM 
(Gotman et al., 2013), the present study demonstrated for the first time that human 
primary MSC osteogenesis is not induced solely by medium perfusion in the absence 
of OS (see section 3.2). The optimized CSD for the osteogenic differentiation of MSC 
(see section 3.2) was then transferred into a CC system analogous to a scale-down 
from 3D to a 2D environment to exclude multidimensional gradients and mechanical 
stimuli observed in a dynamic 3D microenvironment. Based on this, the present study 
demonstrates for the first time that varying cell proportions of MSC and HDMEC 
affects the secreted level of GFs in the applied CC model and that this might 
generate a therapeutic window clearly affecting VLS formation in vitro. The present 
study further identified a specific range of cell proportions that were optimal for the 
formation of VLS in vitro (see section 3.3.2). Further studies improved the CSD and 
CSR of a CC model of MSC with OEC to enhance VLS formation (see section 3.3.3) 
compared to already published protocols (Dohle et al., 2010, Fuchs et al., 2007, 
Kolbe et al., 2011). By transferring the findings into a CC system that would also 
target the osteogenic differentiation of the incorporated MSC fraction the present 
study performed CCs of MSC with HDMEC in various media aiming to stimulate 
simultaneously osteogenesis and VLS formation in the CC (see section 3.4). The 
present study found that the supplementation of OS suppresses VLS formation while 
the supplementation of HF suppresses osteogenesis of MSC (see section 3.4). This 
is reported here for the first time in the context of a medium with minimal GF 
supplementation highlighting paracellular crosstalk. To circumvent the described 
competitive effects studies were performed to sequentially stimulate osteogenesis in 
MSC and VLS formation by HDMEC in the same CC. The present study found that 
osteogenic priming of MSC dramatically reduces their expression of pro-angiogenic 
VEGF (see section 3.5.1), and that the subsequent co-cultivation with HDMEC 
negatively influences VLS formation (see section 3.5.2). By contrast, when CC of 
MSC with HDMEC were initially prevascularized and subsequently transferred into 
osteogenic medium the formation of a calcified matrix containing VLS could be 
achieved (see section 3.6). The present study further characterized the involved 
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dynamics during oCC of prevascularized CCs (see section 3.6.1). The rapid 
osteogenic differentiation in the CC model was found to be linked to VR based on a 
disregulated GF environment (see section 3.6.3.1) caused by OS and their effects on 
HDMEC (see section 3.6.3.2). However, the present study described for the first time 
that VLS and angiogenesis can be maintained and re-initiated (see section 3.6.4). 
Subsequent studies investigated the involvement of direct or non-direct GF signaling 
in the rapid osteogenic differentiation of MSC in prevascularized CCs during oCC. 
The presented data indicate that prevascularized CCs of MSC with HDMEC 
cultivated under osteogenic conditions during oCC can stimulate the osteogenic 
phenotype in MSC MCs that are locally separated by a filter membrane in a 
Transwell system (see section 3.6.5). Further studies found that the described CC 
model can be varied in its composition by exchanging the type of EC or MSC (see 
section 3.6.6 and 3.6.7). By using commercial ODM or customized ODM with 
reduced βGP concentrations it was also possible to exclude the rapid osteogenic 
differentiation of MSC and the related matrix calcification as an artifact from 
customized ODM supplemented with high level of βGP (see section 3.6.8). Finally, 
the present study was able to demonstrate that within the investigated time frame the 
prevascularized and osteogenically differentiated CC model still contains an 
expandable and non-differentiated subfraction of MSC (see section 3.6.9). To further 
highlight the described findings all results are discussed in the context of known facts 
and the state-of-the-art research in the following sections. 

4.1 The osteogenic differentiation of MSC is influenced by basic cell 
culture parameters 

For the development of tissue engineering strategies various studies have shown 
that basic cell culture parameters can significantly influence the structure, function 
and overall outcome of the approach (Govindasamy et al., 2010, Hoemann et al., 
2009, McBeath et al., 2004). In terms of the osteogenic differentiation of MSC the 
concentration of osteogenic supplements, the choice of BM and the initial CSD all 
modulate the final degree of osteogenesis (Hoemann et al., 2009). It is noteworthy 
that no universally valid protocol for the osteogenic differentiation of hMSC exists and 
therefore controversial data exist with regard to single culture parameters. In this 
context, McBeath and colleagues showed an initial CSD of 3000 MSC/cm2 to be 
optimal for the osteogenic differentiation of hMSC (McBeath et al., 2004). In contrast, 
Hagmann et al. seeded approximately 18,000 MSC/cm2 in osteogenic differentiation 
experiments (Hagmann et al., 2013). A study comparing different BM for ODM found 
αMEM BM to be superior to DMEM-F12 BM for the relative expression of the 
osteogenic genes osterix and osteocalcin in hMSC (Govindasamy et al., 2010). 
Independently, both DMEM and αMEM are widely used as BM in ODM (Zhang et al., 
2008, Ayatollahi et al., 2012, Le Blanc et al., 2003, Hanada et al., 1997, Donzelli et 
al., 2007, D'Ippolito et al., 1999). Additionally, varying experimental durations of 10 d, 
18 d, 2W, 3W, 4W or 4-5W for the investigation of osteogenic differentiation can be 
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found in numerous studies (Rodriguez et al., 2004, Hanada et al., 1997, Ginis et al., 
2012, Hagmann et al., 2013, Le Blanc et al., 2003, Donzelli et al., 2007, D'Ippolito et 
al., 1999). 

Based on the facts found in the literature different CSDs and BM were compared for 
their supportive effect on the osteogenic differentiation of hMSC in this study 
(Supplementary Figure 1; Supplementary Figure 2). The results are in accordance 
with the findings of Govindasamy and colleagues, highlighting αMEM-GlutaMAX BM 
as superior to DMEM/F-12 BM for the induction of osteogenesis in hMSC 
(Supplementary Figure 2; (Govindasamy et al., 2010)). In contrast, the present study 
could not confirm a CSD of 3,000 MSC/cm2 (McBeath et al., 2004) but a CSD of 
20,000 MSC/cm2 to be the most optimal for the osteogenic differentiation of hMSC 
(Supplementary Figure 1). Although detailed analyses by western blot or real-time 
PCR as described by McBeath and colleagues were not performed (McBeath et al., 
2004), our results showing CSDs above 3,000 MSC/cm2 to be more efficient for the 
osteogenic differentiation of MSC were in accordance with the CSDs used by others 
(Le Blanc et al., 2003, Schneider et al., 2010).  

4.2 Trabecular Nitinol scaffolds permit enhanced osteogenic 
differentiation of MSC under medium perfusion 

Following the initial optimization studies, the osteogenic differentiation of MSC was 
transferred to a dynamic environment and combined with state-of-the-art technology. 
Thus, a commercial perfusion bioreactor system was used to investigate the 
influence of medium perfusion through 3D trabecular Nitinol (tNiti) scaffolds on the 
osteogenic differentiation of primary hMSC. A previous study demonstrated that 
hMSC differentiate into cells of the osteogenic lineage on tNiTi, as shown by 
enhanced ALP activity and calcium deposition on the scaffolds compared to plastic 
controls (Gotman et al., 2013). However, since the experiments in this latter study 
were performed under static conditions, the resulting question was whether medium 
perfusion through tNiTi scaffolds could enhance the osteogenic differentiation 
process. The hMSC that were used for the flow-based investigations showed an 
expression pattern of surface markers, as well as the tri-lineage differentiation 
potential as recommended by the ISCT guideline (Dominici et al., 2006). In addition, 
based on the marker constellation, subpopulations of hematopoietic stem or 
progenitor cells, adult hematopoietic cells and endothelial cells could be excluded 
(Figure 4). 

To study the effects of medium perfusion on the osteogenic differentiation of hMSC 
on tNiTi scaffolds cell-seeded scaffolds were cultivated under comparative static and 
dynamic conditions in a perfusion bioreactor. It is known that medium perfusion 
through three-dimensional scaffolds may increase the distribution and uniformity of 
the growing and differentiating cells, as well as of the formed matrix (Wendt et al., 
2003, Liao et al., 2010). The results of the present study clearly support these 
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findings by demonstrating increased ALP activities, mineralization of deposited 
collagen matrix (Figure 5) and the distribution throughout the tNiTi scaffolds when 
medium perfusion is applied (Figure 9). In the static samples, cell growth as well as 
matrix deposition were predominantly limited to the scaffold surface and peripheral 
region. A similar outcome was shown by other groups for statically cultivated and 
differentiated 3D scaffolds (Glowacki et al., 1998). It is important to note that all 
scaffolds used in the present study were dynamically seeded to generate cell-loaded 
scaffolds with a comparable cell distribution pattern at the baseline level. Therefore, it 
is likely that cell death in the central areas of the scaffolds and migration to the 
scaffold periphery occur in all static samples as previously described (Goldstein et 
al., 2001). In contrast, enhanced cell growth, intracellular collagen expression, matrix 
deposition and calcification as well as the more homogeneous distribution of cells in 
dynamic cultures showed that medium perfusion clearly had a beneficial effect on the 
osteogenic differentiation of hMSC on tNiTi scaffolds (Figure 9). However, the 
question remained whether this effect of medium perfusion was a result of better cell 
distribution or whether medium flow could serve as a mechanical stimulus to induce 
osteogenesis in hMSC. The latter has been shown to occur with rat MSC (Holtorf et 
al., 2005b). Holtorf et al. investigated the osteogenic differentiation of rat MSC in the 
absence of dexamethasone (Dex) while adding ascorbic acid (AA) and β-glycerol 
phosphate (β-GP) to the cell culture medium (Holtorf et al., 2005b). Matrix 
calcification, as well as enhanced ALP activity was found in the absence of Dex when 
medium perfusion was applied. In contrast, in the present study human MSC did not 
show enhanced ALP activities or calcification when cultivated in the absence of Dex 
(ODM-Dex cultures) on tNiTi scaffolds (Figure 10), although similar concentrations of 
AA and β-GP were used as in the rat MSC study. Furthermore, these parameters 
were not influenced by the application of medium perfusion in our experiments. 

Another study on the effects of perfusion on MSC showed enhanced mRNA levels of 
bone sialoprotein (BSP), bone morphogenic protein-2 (BMP-2) and osteopontin (OP) 
in response to medium flow (Yourek et al., 2010). The response to medium flow was 
observed even in basal medium without the addition of AA or β-GP (Yourek et al., 
2010). However, these authors did not show a similar result at the protein level. 
Thus, it is not clear if these enhanced levels were of biological relevance to the 
osteogenic differentiation of hMSC. In the present study, medium perfusion in the 
absence of Dex led to an increase of the TIC as well as collagen type 1 deposition by 
hMSC on tNiTi (Figure 11). Therefore, mechanical stimuli provided by medium 
perfusion could also contribute to osteogenic differentiation of hMSC, while 
supporting the expression and secretion of collagen into the extracellular matrix. 
However, it did not lead to full differentiation of hMSC, since matrix calcification was 
not observed on tNiTi scaffolds cultivated dynamically in the absence of Dex. A 
possible explanation is that in the present system medium perfusion acted as a co-
stimulus to Dex, where both the effects of medium flow on the distribution of cells and 
nutrients and the mechanical effect on the osteogenic differentiation would be of 
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importance. This mechanical effect could be concluded from the SEM analysis and 
stereomicroscopic observations of statically and dynamically differentiated hMSC on 
tNiTi scaffolds, which showed a morphologically differential, more evenly distributed 
and increased mineralization on the surface, as well as in the center of dynamically 
differentiated tNiTi scaffolds (Figure 9). Additionally, the atomic levels of calcium and 
phosphorus as detected by EDX were enhanced in dynamic cultures compared to 
the static situation (Figure 6; Figure 7; Figure 8; Table 19). Although a detailed 
atomic analysis of the mineralization by EDX was performed primarily on one donor 
the general trend from the EDX quantification is in accordance with the trend found 
for the quantification of calcium and TIC (See Table 19; Figure 10 and Figure 11). 
Moreover, ALP activity was found to be increased in all dynamic differentiation 
samples compared to the static ones (Figure 5; Figure 10). 

Although further studies were not carried out on possible mechanisms or other 
ranges of flow velocities, it appears that medium perfusion acted synergistically with 
the inductive effect of Dex in the system used in the present study. The flow velocity 
employed in the present studies was lower (100 µm/s in 8 mm perfused diameter, 
resulting in a theoretical flow rate of 0.3 ml/min) than the value used by Holtdorf and 
colleagues (1ml/min) (Holtorf et al., 2005b). Hence, the comparability of the 
conclusion reached in the present study with the conclusion obtained by Holtdorf et 
al. is difficult. Accordingly, it is not clear whether medium perfusion through tNiTi 
scaffolds could enhance the osteogenic differentiation of hMSC even in the absence 
of Dex to ODM when a flow rate of 1 ml/min was used. Additional studies are needed 
to investigate this issue. In this study, medium perfusion had a positive effect on the 
osteogenic differentiation of hMSC and mineralization on tNiTi. The outcome of a 
previous study by Gotman and colleagues, proving tNiTi to be a suitable candidate 
as a biomaterial in bone tissue engineering (Gotman et al., 2013), is further 
highlighted by the behavior of tNiTi under dynamic conditions as described in the 
present study. Such pre-cultivation of cell-seeded tNiTi scaffolds in a perfusion 
bioreactor could be envisaged as a promising strategy in the application of tNiTi as a 
bone substitute material. Similar observations were made for scaffolds manufactured 
from other materials, such as hydroxyapatite (Bjerre et al., 2011) or poly(L-lactic acid) 
(Alvarez-Barreto et al., 2011). Nevertheless, enhanced mineralization on tNiTi 
obtained by cultivation of hMSC under perfusion is an important step forward towards 
the application of this material in BTE. 

4.3 Strong interactions between angiogenic and osteogenic factors 
disable a synergizing medium strategy 

Based on the development of a dynamic 3D cell culture model the osteogenic 
differentiation of MSC was investigated in a more biologically relevant context. The 
co-cultivation of MSC with endothelial cells (EC) or osteoprogenitor cells with EC was 
shown to facilitate vascularization and the formation of VLS in vitro (Unger et al., 
2005, Kolbe et al., 2011, Dohle et al., 2010, Dohle et al., 2011). To generate a stable 
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baseline, the CSD defined as optimal for the osteogenic differentiation of MSC (0.2 x 
105 MSC/cm2) was applied to study the formation of VLS in MSC/EC CCs in 
dependence on a varying CSR. Since primary cell material is highly valuable due to 
its limited availability the optimization and investigation of combined 
prevascularization and osteogenesis in the co-culture model was performed in 2D. 
Furthermore, multidimensional gradients and mechanical stimuli from a dynamic 3D 
microenvironment could be excluded. 

The findings described for an initial characterization of HDMEC, HUVEC and OEC 
grown in ECGM (Figure 12; Figure 13; Figure 14) are in accordance with data given 
in the literature (Bardin et al., 2001, Nakazato et al., 1997, Kolbe et al., 2010, Unger 
et al., 2002, Gougos et al., 1992, Bahramsoltani et al., 2014, Moritani et al., 1991, 
Languino et al., 1989, Li et al., 2006) with the exception that to-date the expression of 
Col-IV and LMN at the protein level in MCs of OEC in vitro was not described. Since 
it was shown that CD90 expression on EC is linked to inflammatory reactions (Wetzel 
et al., 2006, Saalbach et al., 1999) the negative expression of CD90 by flow 
cytometry demonstrated that neither HDMEC nor HUVEC or OEC were in an 
activated state due to an inflammatory stimulus during the cultivation in ECGM. The 
detection of CD34 on HDMEC and OEC was found to be in accordance with other 
studies (Unger et al., 2002, Kolbe et al., 2010, Ferreras et al., 2015). This molecule 
was shown to be expressed on small or newly formed vessels while EC from larger 
veins remain predominantly negative in vitro (Muller et al., 2002). Moreover, in 
HUVEC CD34 was shown to mark a minor subpopulation of tip cells (Siemerink et 
al., 2012) for which reason it is likely that CD34+ HUVEC detected in the present 
study represented a minor tip cell fraction. Flow cytometric analyses for the 
hyaluronan receptor CD44 showed a lack of expression on HDMEC, HUVEC and 
OEC. It was demonstrated by others that CD44 is absent from freshly isolated 
HUVEC and HUVEC grown to confluence (Griffioen et al., 1997). In contrast, 
HDMEC and OEC are generally regarded as being able to express CD44 (Nandi et 
al., 2000, van Beem et al., 2009), although no data are available on CD44 dynamics 
in relation to cell growth in vitro. In the present study flow cytometry for the 
expression of CD44 was performed on confluent EC. Therefore, the data obtained for 
the expression of CD44 on HUVEC in this study are in accordance with the data 
given from Griffioen and colleagues (Griffioen et al., 1997). Most importantly, a study 
conducted by Nandi and colleagues identified CD44 as a trypsin-sensitive molecule 
(Nandi et al., 2000). Since in vitro expanded EC were harvested following trypsin 
treatment, the lack of CD44 expression could be generated as an artifact from the 
harvesting protocol. Future experiments need to address this issue in terms of an 
alternative harvesting protocol since CD44 was shown to be critically involved in 
angiogenesis in vitro and in vivo (Cao et al., 2006). Despite the missing CD44 
expression, HDMEC and OEC were able to form vessel-like structures when co-
cultivated with MSC, as discussed in the following section. 
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The CC system of MSC with HDMEC served as a standard model in this study, since 
the isolation of HDMEC requires less single steps and is less time consuming 
compared to the isolation of OEC. The initial investigation on varying CSR in CC of 
MSC with HDMEC in 2D clearly demonstrated that tube formation is strictly 
dependent on the cellular proportions. Other studies successfully demonstrated the 
prevascularization reaction in 2D or 3D using CC of pOB with HDMEC at CSR of 1:4 
and 1:6 (Santos et al., 2009, Unger et al., 2010, Unger et al., 2007). It is noteworthy 
that following an initial optimization it was described that an excess of pOB lead to 
the disappearance of HDMEC after 1W of co-cultivation (Unger et al., 2007). 
Independently, the described protocols differ markedly in the absolute cell numbers 
used to study prevascularization in vitro. In this context, Santos et al. co-cultivated 
0.375 x 105 pOB with 1.125 x 105 HDMEC on starch poly-caprolactone fiber-mesh 
scaffolds, while Unger et al. used 0.2 x 105 pOB and 1.3 x 105 HDMEC on silk fibroin 
scaffolds or 0.0415 x 105 pOB with 0.27 x 105 HDMEC per cm2 of a 3.5 cm petri dish, 
thereby representing CSR of 1:4, 1:5 or 1:6, respectively (Santos et al., 2009, Unger 
et al., 2010, Unger et al., 2007). 

The findings of the present study underlined the results obtained in the mentioned 
studies inasmuch as the formation of VLS was detectable at CSRs characterized by 
an excess of HDMEC in the CC with MSC (CSR 1:4; Figure 15). Nevertheless, 
decreasing the endothelial fraction towards an excess of MSC (CSR of 1:0.66 or 
1:0.25) resulted in an increased VLS formation in CCs of MSC with HDMEC (Figure 
15). This was also confirmed by the quantification of VLS, demonstrating that both 
prevascularization and angiogenesis in vitro occurred to an increased extent at CSR 
of 1:0.66 and 1:0.25 compared to CSR of 1:4 or 1:2, predominantly exhibiting single 
tubes. The effect was found to be connected to varying release profiles of VEGF, 
Ang-1 and Ang-2, as indicated by ELISA measurements after 7d and 14d (Figure 
15). These factors are crucially involved in the induction and stabilization of 
angiogenesis and angiogenic networks in vitro and in vivo where high levels of Ang-2 
combined with low levels of VEGF were shown to highly reduce angiogenesis and 
support VR (Lobov et al., 2002). In this context, it was demonstrated by Ozawa et al., 
that the microenvironmental concentration of VEGF released into the surrounding 
tissue markedly influenced the formation of normal or abberant angiogenesis in vivo 
(Ozawa et al., 2004b). Thus, by adjusting the CSR in CCs of MSC with HDMEC it is 
likely that the absolute concentrations of VEGF, Ang-1 and Ang-2 measured in the 
closed in vitro system were shifted towards a more pro-angiogenic environment using 
a CSR of 1:0.66 or 1:0.25. This was also evident from the IF staining for Col-IV, a 
major component of the basement membrane of maturating vessels in vitro and in 
vivo (Kubota et al., 1988, Carmeliet, 2003), showing homogenous basement 
membranes along vessels at CSR of 1:0.66 and 1:0.25 (Figure 15). In contrast, using 
CSR of 1:4 or 1:2 the basement membranes were less positive for the expression of 
Col-IV and exhibited a less homogenous morphology (Figure 15), thus indicating that 
VLS were in a less matured state in these CCs. 
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Altogether, these results demonstrate that simple variations of cellular proportions 
during co-cultivation can be used for the fine-tuning of the complex cellular interplay 
involved in angiogenesis to optimally achieve the formation of maturing vascular 
structures in vitro. This was also confirmed by the optimization of a CC model of 
MSC with OEC (Figure 16; Figure 17), which represent a therapeutically relevant 
autologous cell source highlighted in different reports (Martin-Ramirez et al., 2012, 
Lin et al., 2002, Griese et al., 2003, Medina et al., 2010). The use of OEC for the 
development of prevascularization strategies was investigated by others (Dohle et 
al., 2010, Dohle et al., 2011, Fuchs et al., 2007, Fuchs et al., 2009b, Kolbe et al., 
2011). Dohle et al. and Fuchs et al. described the co-cultivation of 3 x 105 pOB with 
2 x 105 OEC per well of a 24-well plate to achieve the formation of VLS in vitro, thus 
using a CSR of 1:0.66 (Dohle et al., 2010, Dohle et al., 2011, Fuchs et al., 2007). 
Similar cell numbers and a similar CSR were applied by Kolbe et al. in a CC model of 
MSC with OEC (Kolbe et al., 2011). Notably, no investigation of other ranges of 
absolute cell numbers was performed in any of the mentioned studies. Therefore, the 
present study found that an approximately 8-fold reduction in the CSDs for MSC and 
OEC at a constant CSR of 1:0.66 enhanced the formation of VLS (e.g. 12-fold 
increased number of networks), as indicated by the quantification of VLS formation 
(Figure 17). This finding is in accordance with the results obtained for the CC model 
of MSC with HDMEC, thus highlighting the common size of the MSC compartment 
with respect to the osteogenesis of MSC and the prevascularization in MSC/EC CCs. 

It requires to be stressed that further studies are needed to investigate vessel 
homeostasis in the described CC models. Although the formation of a basement 
membrane was confirmed in CCs of MSC with HDMEC this information is missing 
from CCs of MSC with OEC. Furthermore, long-term studies (4 W. and longer) might 
allow a more detailed evaluation of vessel stabilization in vitro. Perivascular cells are 
known to be a key component of mature vessels and capillaries (Carmeliet, 2003, 
Bergers and Song, 2005). Therefore, to finally determine the maturational state of the 
VLS formed in vitro it is necessary to demonstrate the attachment of perivascular 
cells (e.g. NG2+ cells, αSMA+ cells) in addition to the expression of basement 
membrane proteins (e.g. Col-IV, laminin) (according to (Bergers and Song, 2005, 
Hirschi and D'Amore, 1996)). In contrast, vascular structures generated within 7d in 
vitro on 3D silk fibroin scaffolds using CC of pOB with HDMEC were successfully 
implanted subcutaneously into immune-deficient CD-1 mice and shown to connect to 
the host vasculature after 14d of implantation (Unger et al., 2010). Similar results 
were obtained by Chen and colleagues using CC of HUVEC with fibroblasts for the in 
vitro prevascularization of fibrin scaffolds for 7d followed by anastomosis after 5d 
during implantation into immuno-deficient Rag-2 mice (Chen et al., 2009). Therefore, 
the question remains whether a high maturational state of vascular structures formed 
in vitro is generally necessary to achieve anastomosis and vascular perfusion in vivo. 

The CC model of MSC with HDMEC was also evaluated for the simultaneous 
induction of vascularization and osteogenesis in vitro. Medium screening 
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demonstrated that the combined addition of OS and HF to ECGM led to the complete 
inhibition of vascular network formation, while the supplementation of HF alone was 
mandatory to achieve stable vascular networks (Figure 18; Figure 19). In ODM VLS 
formation was not observed whereas osteogenic differentiation and matrix 
calcification were obtained. CCs performed in ECGM-based media exhibited no 
osteogenic differentiation (Figure 18). The same was true for MSC MCs cultivated 
under the same conditions (Figure 20). These results are similar to findings observed 
by others, demonstrating that EC (HUVEC or OEC) did not survive or form VLS in 
ODM (Correia et al., 2011, Kolbe et al., 2011). Furthermore, by using CCs of MSC 
with OEC, Kolbe and colleagues showed that co-cultivation in EGM-2 medium 
supplemented with OS resulted in a decreased calcium deposition and ALP activity 
after 2wk (Kolbe et al., 2011). Although this study used a different angiogenic 
medium (EGM-2, Lonza) and osteogenic BM (DMEM/F-12-GlutaMAX, Gibco) similar 
concentrations of OS as described in the present study were added to the CCs and 
resulted in the reduction of osteogenesis or the prevention of vessel formation in the 
corresponding experimental groups (Kolbe et al., 2011). In this context, Pi was 
shown to induce apoptosis in EC when applied at high concentrations (> 1.4 mM) (Di 
Marco et al., 2008) and appears to be attributed to non-specific cellular calcification 
following induction of apoptosis in MSC during osteogenic differentiation 
(Langenbach and Handschel, 2013). Pi can be generated upon hydrolyzation of βGP 
by ALP (Khouja et al., 1990). Thus, the supplementation of 10 mM βGP to the ECGM 
in the present study might have generated high levels of Pi. Although no calcification 
was detectable in CCs grown in ECGM supplemented with OS the induction of 
apoptosis due to an increased level of Pi must be considered. 

Similar to βGP, Dex was shown to exhibit a negative effect on angiogenesis by 
binding to the GR and thus leading to the reduction of VEGF-induced angiogenesis in 
MCs of HUVEC (Logie et al., 2010). The same effect of Dex was described for the 
inhibition of tumor angiogenesis in vivo (Yano et al., 2006). Since in the present study 
no calcification was detected in CCs performed in ECGM supplemented with OS it is 
likely that the absence of vascular structures was not necessarily caused by βGP-
induced apoptosis but more likely by the binding of Dex to the GR in MSC, thus 
decreasing the expression of pro-angiogenic factors like VEGF. This hypothesis is 
supported by the decreased VEGF level measured in MSC MCs during osteogenic 
differentiation experiments as described later in this study (see section 4.4.1). On the 
other hand, the absence of matrix calcification was most probably not suppressed by 
the addition of HF, since several studies have shown a supportive function of bFGF 
(Hanada et al., 1997, Ng et al., 2008, Montesano et al., 1986) and the non-inhibitory 
effect of heparin on the osteogenic differentiation of MSC (Papathanasopoulos et al., 
2011, Battula et al., 2007). It is possible that ECGM was insufficient to permit 
induction of osteogenesis in MSC within 2wk, and that osteogenic differentiation 
might be achieved at later time points (e.g. 4wk or 6wk). Future studies are needed 
to address this question. Interestingly, when CCs of MSC with HDMEC were 
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cultivated in ODM matrix calcification was obtained. Although VLS and even EC were 
absent from these CCs the question remains whether βGP-induced apoptosis of EC 
contributed to the degree of calcification, since matrix calcification was also obtained 
in MSC MCs after 2wk in ODM (Figure 17). It is important to note that apoptosis of 
either EC or MSC in the corresponding media was not determined in the present 
study. Nevertheless, the induction of vascularization in ECGM is most probably 
supressed when Dex is supplemented to induce the osteogenic differentiation of 
MSC. 

Contrary to the findings described in this study, Pedersen and colleagues showed the 
formation of vascular networks in CC of MSC with HUVEC cultivated in pure ODM in 
addition to other media containing 3.5 mM βGP and 10 nM Dex (Pedersen et al., 
2012). However, this study used a commercial differentiation medium (MesenCult™ 
Osteogenic Stimulatory Kit (Human); StemCell Technologies) which contained 15% 
“osteogenic stimulatory supplements” of unknown composition (Data not provided by 
manufacturer). In the present study vessel formation was absent in CCs of MSC with 
HDMEC when 100 nM Dex and 10 mM βGP were added to ECGM. Moreover, a 
previous study demonstrated a comparable significant Dex-mediated reduction of 
VEGF expression and angiogenesis in a prostate cancer xenograft model when 
concentrations of 10 nM and 100 nM Dex were used (Yano et al., 2006). 
Nevertheless, it is not clear whether the commercial medium used by Pedersen et al. 
contained other GFs or chemical substances that were able to buffer the effects of 
βGP and Dex on EC and in vitro vascularization, thus supporting both angiogenesis 
and osteogenesis. 

4.4 Development of a sequential medium-change strategy for the 
generation of prevascularized osteogenic tissue samples 

To circumvent the described disadvantages observed when using a single medium 
that did not simultaneously support both osteogenesis and angiogenesis in CCs of 
MSC with HDMEC a different strategy was examined. The processes of 
vascularization and angiogenesis in vivo are stimulated in a sequential manner 
during bone growth or bone repair (Gerstenfeld et al., 2003b, Maes and Carmeliet, 
2008, Marsell and Einhorn, 2011). Based on this, a sequential medium strategy was 
examined to determine whether osteoblastic cells derived from the osteogenic 
differentiation of MSC can actively contribute to the formation of VLS and 
angiogenesis by endothelial cells. 

4.4.1 The wrong way: Co-cultures of HDMEC with osteogenically primed MSC 

Initially, MSC MCs were primed in ODM to achieve an osteoblastic phenotype and 
subsequently co-cultivated with HDMEC to investigate the formation of VLS in 
various experimental settings. Furthermore, this strategy served to evaluate the Dex-
mediated changes in the expression of pro-angiogenic GFs like VEGF as described 
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in the previous section. The strategy also addressed the question as to whether fresh 
MSC or MSC pre-cultivated in non-osteogenic medium (MSC-BM) were superior to 
osteoblasts generated upon osteogenic differentiation of MSC (oMSC) to obtain VLS 
formation in vitro. A number of previous studies have successfully described the 
formation of VLS in CC of EC with pOB (Dohle et al., 2014, Dohle et al., 2010, Dohle 
et al., 2011, Fuchs et al., 2009a, Fuchs et al., 2007, Fuchs et al., 2010, Fuchs et al., 
2009b, Kolbe et al., 2011, Unger et al., 2010, Unger et al., 2007, Ma et al., 2011, 
Herzog et al., 2014). 

In the present study, an osteogenic phenotype was induced in MSC following 
cultivation in ODM (Figure 22). This is in keeping with results observed by others 
(Govindasamy et al., 2010, Ma et al., 2011, Pittenger et al., 1999). More importantly, 
the present study demonstrates for the first time that the expression of VEGF was 
continuously reduced during both short-term and long-term cultivation of MSC in 
ODM compared to non-osteogenic medium (Figure 22). In preivous studies, data on 
VEGF expression were generally only available for single time points, e.g. 7d (Hoch 
et al., 2012). Since Dex is added as a supplement to ODM to induce osteogenesis in 
MSC, these results indicate that VEGF expression is negatively influenced by the 
addition of Dex. This is supported by the finding that VEGF expression remains 
unaffected when βGP is omitted from ODM (see section 4.5.4) and that VEGF 
expression can be re-established by switching to a Dex-free medium (see section 
4.4.3.2) as described later in this study. 

In contrast to the expression of VEGF, an ELISA assay demonstrated that Ang-1 
expression increased in a time-dependent manner during the cultivation of MSC in 
ODM (Figure 22). An increased Ang-1 secretion from decellularized osteogenic 
matrices compared to non-osteogenic matrices was reported by Prewitz et al. but not 
investigated for a time-dependent course of expression (Prewitz et al., 2013). Taken 
together, these results may explain the findings observed during the co-cultivation of 
MSC with HDMEC in ODM that led to the suppression of VLS formation as described 
in a previous section (see section 3.6.2). These studies indicated that altered release 
profiles of VEGF and Ang-1 in oMSC and the osteoblasts generated upon MSC 
differentiation resulted in a reduced pro-angiogenic potential compared to noMSC. To 
confirm this hypothesis oMSC and noMSC were co-cultivated with fresh HDMEC 
under various experimental conditions (Figure 23).In general, it was found that the 
co-cultivation of oMSC with HDMEC exhibited no differences in VLS formation 
compared to control samples when oMSC were generated under short-term 
differentiation in ODM condtions (2wk) (Figure 24). In contrast, the formation of 
vascular structures was dramatically reduced in CC of oMSC with HDMEC when 
oMSC were generated upon long-term differentiation in ODM (4wk) (Figure 24). Most 
interestingly, a similar effect, although to a lesser extent, was achieved when oMSC-
4wk were co-cultivated with HDMEC (Figure 24). 
By varying the experimental conditions, it was shown that the effects on 
vascularization were independent of the extracellular matrix (ECM) formed during 



Discussion 

120 
 

osteogenic priming or pre- cultivation of MSC (Figure 23 – Approach A versus C). 
Previous studies have shown that the ECM can bind GFs like bFGF or VEGF and 
actively influence cellular processes such as proliferation or angiogenesis 
(Flaumenhaft and Rifkin, 1991, Schultz and Wysocki, 2009). The active release of 
GFs such as Ang-1 from ECM was demonstrated by Prewitz and colleagues in a 
study investigating the use of decellularized osteogenic ECM to support the function 
of human hematopoietic stem cells in vitro (Prewitz et al., 2013). Although in the 
present study GFs were not quantified during the co-cultivation of oMSC and MSC-
BM with HDMEC, it can be assumed that the ECM produced during priming of MSC 
in osteogenic (oMSC) or non-osteogenic medium (MSC-BM) as well as pro-
angiogenic GFs bound to and released from the formed ECM were generally of less 
importance for the formation of VLS during the following co-cultivation with HDMEC. 
It appears that both oMSC and MSC-BM exhibited a different capacity to re-establish 
a proangiogenic environment when co-cultivated with HDMEC that was dependent 
on the total period of priming time in osteogenic or non-osteogenic media (2wk or 
4wk). Based on the VLS quantification and IF staining for CD31 a comparable extent 
of VLS was detected in the CC independent of whether MSC-BM2wk or oMSC-2wk 
were co-cultivated with HDMEC (Figure 24). This indicates that, in addition to the low 
levels of VEGF initially expressed by oMSC-2wk, the expression could be rapidly 
increased upon co-cultivation in Dex-free ECGM thus leading to VLS formation after 
2wk in CC. In contrast, the highly reduced VLS formation in CCs of HDMEC with 
MSC-BM4wk or oMSC-4wk suggests a different regulation pattern in the cells. 

In MSC-BM, a high level of VEGF and a constitutive level of Ang-1 was expressed as 
detected by ELISA (Figure 22), thus indicating that MSC-BM initially exhibited the 
potential to induce angiogenic changes in HDMEC. When MSC-BM were harvested 
after 2wk or 4wk no differences in cell numbers were found (Supplementary Figure 6) 
suggesting that a maximum cell density was reached after 2wk. As proliferation and 
apoptosis were not investigated, it was difficult to clearly identify which cellular 
changes were taking place. In general, both the growth and expansion of MSC in 
vitro are connected to substrate limitation and quiescence (Peiffer et al., 2007, Jones 
et al., 2005, Lin et al., 2014). Even though substrate concentrations were not 
determined during the cultivation of MSC-BM it is conceivable that the constant cell 
numbers harvested after 2wk and 4wk represent an equilibrium state of the cells that 
was due to the available amount of substrate in the well plates. Changes in the 
substrate availability were demonstrated to affect senescence in human dermal 
fibroblasts (Zwerschke et al., 2003) and the cell cycle in human cells (Lin et al., 2014, 
Jones et al., 2005). However, cell cycle analysis was not performed in MSC-BM, 
although it has been shown by others that 75% of expanded MSC reside in the 
G0/G1 phase of the cell cycle (Achille et al., 2011) thus representing cells that were 
metabolically active but not yet replicative and, most importantly, cells that were 
quiescent and non-proliferative (Cooper, 2000). The fraction of MSC residing in 
G0/G1 phase could be increased to 90% by cell cycle synchronization following GF 
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deprivation (Achille et al., 2011). Since bmMSC were cultivated in GF-free medium 
following expansion in the presence of bFGF it is likely that quiescent cells 
accumulated to different percentages after 2wk or 4wk, with the latter containing the 
highest fraction of quiescent cells due to the longer incubation period. Quiescent G0 
cells are able to re-enter the cell cycle and to actively proliferate (Cooper, 2000). 
Based on this, it is possible that potentially varying G0 fractions contained in MSC-
BM exhibited a differential proliferative behavior in the CC with HDMEC, thus leading 
to delayed induction of and finally reduced vascularization in CCs of HDMEC with 
MSC-BM4wk. 

When oMSC were co-cultivated with HDMEC at the beginning of CC it is possible 
that a low level of VEGF and high level of Ang-1 both released from oMSC and a 
high level of Ang-2 released from HDMEC were present. This was observed by 
decreased levels of VEGF detected during the generation of oMSC and the high 
Ang-2 concentrations measured in HDMEC MCs and CC controls (Figure 24). This is 
in keeping with the fact that the same size of the HDMEC fraction was applied to all 
CC approaches. In a pupillary membrane in vivo model Lobov and colleagues 
demonstrated that a high level of Ang-2 in combination with low level of VEGF 
induced EC death (Lobov et al., 2002). The same study also suggested that Ang-2 
administration combined with VEGF inhibition “would be the best way to achieve 
vessel regression in other settings” (Lobov et al., 2002). It is possible that in the CCs 
of oMSC with HDMEC the initial GF environment was shifted towards an anti-
angiogenic setting. The observation that in CCs of oMSC-2wk with HDMEC VLS 
formation was induced may have been due to the lower stage of differentiation of the 
oMSC-2wk compared to oMSC-4wk and that the 2wk cells had a higher remaining 
proliferative potential. It is possible that oMSC-2wk responsed to the absence of OS 
and the presence of bFGF in ECGM by exhibiting extensive proliferation.  This may 
have resulted in re-establishing VEGF expression and the angio-inductive 
environment, whereas the absence of such a response of oMSC-4wk might be 
limited due to their advanced stage of differentiation. 

Others have shown that MSC undergoing osteogenic differentiation exhibit a 
decreasing proliferative potential (Aubin, 2001). Additionally, it can be speculated that 
MSC, once harvested and re-seeded in medium containing bFGF, change the 
phenotype expressed during osteogenic differentiation and return to an MSC 
phenotype. A similar observation was described for cells isolated from trabecular 
bone fragments following collagenase treatment (Sakaguchi et al., 2004). Likewise, 
Hofmann and colleagues generated osteoblastic cells by outgrowth from trabecular 
bone fragments in the presence of Dex and βGP, and demonstrated vascularization 
during the subsequent co-cultivation with HUVEC in Dex-free medium (Ma et al., 
2011). Osteogenic differentiation of MSC is a multi-stage process (Huang et al., 
2007) characterized by matrix calcification that is absent in an early differentiation 
stage (up to 14d), but present in the late stage of differentiation (14d to 28d) 
(Hoemann et al., 2009, Huang et al., 2007). According to this, oMSC-2wk and oMSC-
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4wk correspond to the early and late stage of differentiation, respectively. This is also 
supported by AR and VK staining, both indicating the absence of a calcified 
osteogenic matrix in oMSC-2wk (Figure 22). However, changes to the specific 
regulation of the various GFs cannot be identified or described in detail, since GFs 
from cell culture supernatants were not quantified. Future studies using cell cycle 
analysis are needed to examine the regulation of GFs after re-initiation of 
proliferation in ECGM. In this context, it is known that differentiated cells exhibit a 
prolonged G0/G1 phase, whereas proliferating cells exhibit an increased S and G2/M 
phase, indicating DNA replication and protein synthesis, respectively (Cooper, 2000, 
White and Dalton, 2005, Roccio et al., 2013). However, the results clearly point out 
that osteoblastic cells generated following osteogenic differentiation of MSC in ODM 
exhibit a decreased potential to induce vascularization and angiogenesis in vitro 
when co-cultured with HDMEC. 

4.4.2 The right way: Prevascularized co-cultures cultivated in osteogenic 
medium  

A third sequential medium strategy was investigated and focussed on the induction of 
VLS formation in CCs of MSC with HDMEC prior to the induction of osteogenesis in 
the incorporated MSC fraction. This strategy was examined, since from the process 
of bone formation and bone healing in vivo it is known that the formation of new 
blood vessels along VEGF gradients is necessary to supply adequate remodeling 
(Gerber et al., 1999, Ortega et al., 2004) and GF signaling (Gerber et al., 1999, Maes 
and Carmeliet, 2008) as the basis for matrix mineralization and osteoblastic 
differentiation during IMO (Marsell and Einhorn, 2011, Gilbert, 2000) or ECO (Mackie 
et al., 2008a). To examine this, in vitro CCs of fresh MSC with HDMEC were 
prevascularized for 2wk in ECGM and subsequently transferred to ODM for 2wk or 
4wk, designated as osteogenic co-cultivation (oCC) in the following sections. For the 
prevascularization and osteogenic stimulation the same durations as used in the 
previous section were initially applied (see section 4.4.1). 

The oCC of prevascularized CCs resulted in a high amount of calcification of the 
extracellular matrix after 2wk and 4wk (Figure 25). A similar degree of osteogenesis 
could not be achieved in mono-cultures of MSC serving as a DC (differentiation 
control) (Figure 25). Furthermore, it was found that an endothelial compartment was 
present after oCC independent of the CC duration (Figure 25). These results 
demonstrate that the presence of EC actively modulates the osteogenic 
differentiation of MSC. The outcome is similar to results described by others 
(Bulnheim et al., 2014, Correia et al., 2011, Kaigler et al., 2005, Pedersen et al., 
2012). Furthermore, the sequential medium strategy utilized potentially mimics the 
physiological situation of EC activity, which appears to be necessary to induce 
osteoblastic differentiation (Gerber et al., 1999, Maes and Carmeliet, 2008). This is 
further supported by the fact that a reduction of the initial prevascularization period 
from 14d to 3d continuosly resulted in matrix calcification (Figure 25; Supplementary 
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Figure 12). Most importantly, stable VLS formation was still achieved when the period 
available for prevascularization was reduced to 7d (Figure 25). Since the duration of 
time to implant is an important factor for in vitro tissue engineering strategies applied 
in regenerative medicine (Rouwkema et al., 2008) the period for prevascularization 
was reduced to 7d for the evaluation of the model system in the present study. 

When the oCC was investigated in a time-dependent manner it was observed that 
osteogenesis in the MSC was rapidly induced, with matrix calcification detectable 
after 72h oCC (Figure 26). Comparable data on the dynamics of matrix calcification 
in CC of MSC with EC have not been previously reported, although an inductive 
function of EC on the osteogenic differentiation of MSC has been described 
(Bulnheim et al., 2014, Kaigler et al., 2005). The time-dependent evaluation of oCC 
clearly demonstrated that osteogenesis took place and was shown to occur at the 
level of extra- and intracellular protein expression. Alizarin Red and VK staining are 
standard methods applied to examine the deposition of calcium and calcium 
phosphates in matrix mineralization (Jaiswal et al., 1997, Pittenger et al., 1999, 
Bonewald et al., 2003), while ALP is a marker of the early stage of osteogenesis in 
MSC in vitro (Prins et al., 2014). Furthermore, this enzyme is known to be involved in 
the generation of Pi from βGP in the process of matrix mineralization (Khouja et al., 
1990). The quantification of ALP activity in the present study showed that 
osteogenesis was induced during both oCC and angCC compared to DC, thus 
demonstrating that EC modulate osteogenesis when co-cultivated with MSC. Similar 
observations were described by other groups (Bulnheim et al., 2014, Kaigler et al., 
2005). In addition, it appears that osteogenesis was delayed in DC since ALP activity 
was found to be increased initially after 5d (Figure 27). This shows the influence of 
EC on MSC differentiation. Further studies demonstrated that the time of co-
cutivation initially applied for prevascularization influenced the osteogenic 
differentiation of MSC during oCC. Matrix calcification was achieved after 24h to 
48h oCC when 14d of initial prevascularization were first carried out, whereas 
calcification was detected after 72h oCC following a 7d prevascularization period. 
Similar kinetics have not been described previously. 

The differences in initial calcification may be due to changes in the ECM and the 
degree of osteogenesis that was induced by the presence of EC during co-
cultivation. It is known that ECM can bind GFs like VEGF or bFGF, and that this 
actively influences cellular processes such as angiogenesis (Flaumenhaft and Rifkin, 
1991, Schultz and Wysocki, 2009). A prolonged prevascularization incubation period 
could allow for enhanced binding of GFs that were either supplied exogenously in the 
prevascularization period (bFGF) or released from EC. For example, bone 
morphogenic proteins-2, 4 and 6 have been shown to be secreted by EC (Bouletreau 
et al., 2002, Csiszar et al., 2006, Kersten et al., 2005, Schluesener and Meyermann, 
1995, Shin et al., 2004, Sorescu et al., 2004, Sorescu et al., 2003, Willette et al., 
1999) and to exert an influence on the osteogenic differentiation of MSC (Friedman 
et al., 2006, Shin et al., 2004). The same is true for bFGF (Hagmann et al., 2013, 
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Hanada et al., 1997), which was also shown to support osteogenesis when co-
administered with BMP-2 (Hanada et al., 1997). It is thus possible that MSC exhibited 
different stages of osteogenic differentiation via osteogenic priming by EC, either 
indirectly by GFs bound to the ECM, or directly through cell-cell contact. 
Nevertheless, the dynamics highlight the inductive potential of EC on the osteogenic 
differentiation in CCs with MSC. 

Independently, oCC induced the rapid calcification of prevascularized CCs in vitro 
that contained VLS following oCC (Figure 27). These findings have not been 
described previously in culture conditions under 14d. Most interestingly, AB staining 
revealed the deposition of GAGs (Figure 27) which are known to be key matrix 
proteins in adult cartilage (Mankin and Lippiello, 1971) or cartilaginous intermediates 
during ECO (Poole et al., 1982, Suzuki et al., 1981). Moreover, the GAG-positive 
regions correlated with remaining endothelial islands (Figure 27), thus suggesting 
that the deposition of GAGs might be related to direct contact of MSC with EC. It is 
worthy of note that GAGs are a central component of proteoglycans and are also 
present in the basement membranes of tissues in vivo (Young et al., 1992, Kanwar 
and Carone, 1984). They may be locations of basal lamina of VLS and EC islands. 
Since a more detailed analysis of the protein composition was not performed it is still 
not clear if the GAG-positive regions represent basement membranes of VLS formed 
in vitro or whether they indicate regions of induced endochondral tissue formation. To 
clarify this, the deposition of collagen type X and the release of indian hedgehog (Ihh) 
would identify further key proteins involved in ECO (Wu et al., 2010, Sugita et al., 
2013). 

In separate studies, Saleh and colleagues demonstrated enhanced active β-catenin 
signaling in a spheroid 3D CC model of MSC with HUVEC (Saleh et al., 2011). Active 
β-catenin signaling as well as the translocation of β-catenin to the cell nucleus are 
key elements of the canonical WNT/β-catenin signaling pathway involved in ECO 
(Hartmann, 2007), indicating both the development of mature osteoblasts from 
mesenchymal precursors (Day et al., 2005) and their suppressed commitment to 
chondrogenesis (Hill et al., 2005). However, increased active β-catenin signaling was 
also shown to be essential in hypertrophic chondrocytes of the growth plate for the 
control of osteoclast activity and trabecular bone formation during ECO (Makrydima 
et al., 2014). Therefore, it might be speculated that the study conducted by Saleh et 
al. provided indirect evidence of ECO being induced in CC of MSC with HUVEC. In 
this study active β-catenin was detected by WB, while osteogenic differentiation of 
MSC induced in the CC with HUVEC was concluded from enhanced ALP 
fluorescence intensities and VK staining (Saleh et al., 2011). Due to the cultivation of 
the MSC/HUVEC spheroids in the presence of 10 nM Dex, 5 mM βGP and 50 µg/mL 
AA (Saleh et al., 2011) it is likely that osteogenic differentiation was stimulated in the 
MSC. 
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Nevertheless, it must be noted that enhanced ALP activity as well as mineralization 
detected by VK staining were also demonstrated in hypertrophic chondrocytes during 
ECO (Newton et al., 2005, Erl, 2005, Hill et al., 2005). The same is true for BMP 
signaling (Natarajan et al., 2005) also detected in spheroid CCs of MSC with HUVEC 
(Saleh et al., 2011). Although Col-X or Ihh were not investigated in the present study 
it can be speculated that ECO was induced in CCs of MSC with HDMEC during oCC. 
This hypothesis is supported by the BMP signaling detected during oCC, as 
discussed below (see section 4.4.3.2; Figure 32). Therefore, it is possible that ECO 
was induced during oCC, which would correlate with the AB-positive regions found to 
co-localize with endothelial islands (Figure 27). Similarly, AR and VK staining gave 
rise to comparable island-like locations of mineralization (Figure 26). Since 
mineralization was shown to occur in endochondral tissue formation by hypertrophic 
chondrocytes as they undergo apoptosis (Hill et al., 2005) this supports the 
hypothesis that ECO was locally induced in the course of oCC. Of major interest is 
the image-based quantification of AB-stains, which revealed an increasing trend 
during both oCC and angCC but not in the DC (Figure 27), thus indicating that 
changes in the matrix composition were induced upon basic co-cultivation of MSC 
with HDMEC in ECGM. However, the results indicated that the changes were 
enhanced during oCC compared to angCC, suggesting that Dex supplementation 
provided an additional stimulus. In relation to ECO, Cheng et al. demonstrated 
accelerated ECO upon Dex administration in chick embryos (Danhaive and 
Rousseau, 1988). 

In a final experiment, an evalution was carried out to determine whether the degree 
of matrix calcification (or as hypothesized ECO) could be driven by an increased size 
of the EC fraction. The results showed that the degree of matrix calcification can be 
influenced by the CSD of HDMEC and by this the CSR (Figure 27), thus underlining 
the fact that EC-derived signaling regulates osteogenic differentiation (or as 
hypothesized ECO) in vitro. These results are unique and have not been described 
previously. However, since a detailed analysis of cell signaling during oCC was not 
performed, it is not clear whether the oCC of prevascularized CCs of MSC with 
HDMEC might contain endochondral tissue formation, an intermediate stage (e.g. 
hypertrophic stage) or represent an IMO. Nevertheless, the results presented in this 
section describe for the first time the rapid generation of prevascularized osteogenic 
CC samples within less than 14d, possibly representing endochondral tissue 
formation. Moreover, this model mimics in vitro what is observed in vivo, namely that 
EC signaling and vascularization are required in order to obtain osteogenic 
differentiation either via ECO or via IMO. 
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4.4.3 The plus: Re-establishing a pro-angiogenic environment following vessel 
regression 

4.4.3.1 Obtaining vessel regression 

The described sequential medium strategy including prevascularization of 
MSC/HDMEC CCs followed by oCC in ODM is based on the administration of Dex 
during oCC. As described previously in this study and shown by others, Dex 
administration reduces angiogenic differentiation in EC (Logie et al., 2010) and a 
reduction of VEGF expression by the MSC (see section 3.5.1; Figure 22). Therefore, 
it was not surprising that as Dex administration accelerated osteogenesis (or as 
hypothesized ECO) during oCC it also induced VR (Figure 28; Figure 29). 
Furthermore, in combination with βGP supplementation (10 mM) the regressing VLS 
accumulated calcium phosphates as indicated by TL microscopy, AR and VK staining 
(Figure 28). Such findings have not been previously described. In time-dependent 
experiments it was found that VR appeared during oCC but not angCC (Figure 29). 
Additionally, several staining methods revealed that VR appeared together with 
vessel calcification, both initially detected after 72h oCC (Figure 29). By contrast, no 
calcification was present during angCC. 

GF quantifications of VEGF, Ang-1 and Ang-2 indicated that their expression pattern 
was shifted towards an anti-angiogenic setting thus supporting VR (Figure 29). As 
mentioned earlier in this study, low levels of VEGF linked to high levels of Ang-2, 
induced EC death (Lobov et al., 2002). The interplay of both GFs was also described 
to “be able to induce VR in other settings” (Lobov et al., 2002). Quantification by 
ELISA demonstrated that when lowered concentrations of VEGF were expressed 
higher concentrations of Ang-2 were released from MSC and HDMEC, respectively, 
during oCC (Figure 29). Therefore, the shifted GF environment may be responsible 
for the induction of VR. The involvement of Dex in this shift can be concluded from 
VEGF and Ang-1 levels of the DC (Figure 29), which were found to be lowered or 
increased, respectively, up to 7d oCC similar to the release profiles of VEGF and 
Ang-1 during monitoring of long-term osteogenic differentiation of MSC (Figure 22). 
Nevertheless, it is likely that high concentrations of Pi generated upon conversion of 
βGP by ALP supported VR by inducing apoptosis in EC, which was demonstrated 
elsewhere for Pi concentrations above 2.5 mM (Di Marco et al., 2008). 

To investigate possible toxic effects of medium supplementation during oCC on EC, 
mono-cultures of HDMEC were cultivated in various medium settings and analyzed 
for morphological changes and apoptosis (Figure 30; Figure 31). The analysis of cell 
morphology by IF revealed that a tightening of cell-cell contacts as well as the 
formation of peripheral stress fibres were observed when EC were cultivated in 
medium containing Dex (Figure 30). Similar results were attributed to an increased 
barrier function in EC monolayers (Danhaive and Rousseau, 1986, Rousseau and 
Baxter, 1979). Addition of Dex was shown previously to increase the endothelial 
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barrier function by enhancing the expression of cell-cell contact proteins (Salvador et 
al., 2014). It is important to note that in vivo this effect was found specifically for EC 
in the blood-brain barrier (BBB), but not for myocardial EC (Higgins et al., 1979). In 
contrast, the effect of Dex on enhancing endothelial barrier function was shown in 
several in vitro models of the BBB containing HUVEC (Rousseau and Baxter, 1979, 
Rousseau et al., 1975). Therefore, the Dex-mediated increase of endothelial barrier 
function might not be limited, as described by Förster and colleagues. Although 
barrier integrity was not determined by transendothelial electrical resistance (TEER) 
measurements, the changes in F-actin cytoskeleton and expression pattern of CD31-
positive cell-cell contacts point to an increased barrier function and monolayer 
integrity. This was further supported by the increased fluorescence intensities 
obtained after Dex supplementation of media, thus indicating enhanced protein 
expression (Figure 30). IF staining for F-actin demonstrated peripheral ring formation 
and an enhanced F-actin signal in HDMEC cultivated in the presence of Dex. The 
overall increased F-actin expression was confirmed by intensity measurements using 
flow cytometry (Figure 31). Since the results obtained by flow cytometric analysis of 
detached cells correlate with the intensity trend obtained by image analysis 
performed on attached HDMEC it can be concluded that F-actin expression was 
enhanced by Dex. It can also be concluded that F-actin expression is not enhanced 
when only βGP is given as supplement (Figure 30; Figure 31). Furthermore, the 
HDMEC monolayer was disrupted upon Dex deprivation from ODM (Figure 30), 
supporting the conclusion that Dex positively influences endothelial integrity in mono-
layers of HDMEC. Under these conditions, peripheral F-actin fibers were not 
detectable, demonstrating that cell-cell contacts were decreasing and of irregular 
shape (Figure 30). 

Moreover, when Dex was added the negative effects of the high level of phosphate 
present in the medium were clearly demonstrated. Di Marco and colleagues 
demonstrated that Pi could induce apoptosis in EC at concentrations above 2.5 mM 
(Di Marco et al., 2008). Nevertheless, similar results were not observed for organic 
phosphate in mono-cultures of EC, most probably because ALP able to generate Pi 
from βGP is not present in EC, except for those involved in the BBB (Nakazato et al., 
1997) or EC from myocardial capillaries (Baxter et al., 1972). In the present study, 
ALP activity was neither detected by activity measurements in protein lysates nor by 
ALP staining on HDMEC, HUVEC or OEC (Figure 27; Figure 12; Figure 13; Figure 
14). Therefore, it is likely that organic phosphate creates a similar effect as described 
by Di Marco et al. for Pi (Di Marco et al., 2008). This assumption is supported by the 
AnnexinV staining for apoptotic cells, showing that following Dex deprivation (only 
βGP supplemented) both the early and late apoptotic cell fraction increased leading 
to enhanced cell death (Figure 31). Thus, the results obtained for high levels of 
organic phosphate (10 mM) are in agreement with the findings of high levels of Pi 
(above 2.5 mM) shown to induce apoptosis in EC (Di Marco et al., 2008). In addition, 
it can be concluded that Dex provides an anti-apoptotic effect on HDMEC as has 
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been shown for EC and other cell types by other groups (Makrydima et al., 2014, 
Newton et al., 2002, Messmer et al., 2001). It can be speculated that 
supplementation of Dex not only provides a general anti-apoptotic effect but also 
buffers the pro-apoptotic effect from high βGP levels. This is further supported by cell 
number determinations in HDMEC MCs, clearly demonstrating the rate of 
proliferation in ODM to be comparable to and very similar to the rate obtained from 
supplementation of Dex alone (Figure 31). The results indicate that VR during oCC is 
linked to a GF environment shifted towards an anti-angiogenic milieu. Additionally, it 
appears that aopotosis may be mildly induced in ODM, where the main pro-apoptotic 
effect of βGP is buffered by the anti-apoptotic function of Dex. Nevertheless, HDMEC 
exhibited an increased barrier function in ODM that has been shown to result in EC 
quiescence (Yuan and Rigor, 2011, Natarajan et al., 2005). At the same time 
proliferation of HDMEC was slightly reduced but not inhibited by ODM during oCC. 

4.4.3.2 Re-establishing a pro-angiogenic environment 

To evaluate whether a pro-angiogenic GF signaling environment could be re-
established following oCC a recovery phase consisting of a pro-angiogenic ECGM 
was added to the model. Various durations of oCC were applied following initial co-
cultivation and examined to determine if a re-induction or maintenance of VLS and 
angiogenesis (Figure 32) occurs. Such dynamic studies have not been previously 
reported.  The microscopic evaluation and the quantification of GFs involved as key 
regulators demonstrated that a pro-angiogenic environment is re-established when 
prevascularized osteogenic CCs are transferred to pro-angiogenic ECGM following 
oCC (Figure 32). It was found that VLS were maintained when 48h oCC samples 
were recovered in ECGM (Figure 33). It appears that during the recovery incubation 
period of 7d oCC in ECGM a re-induction of vessel formation occurs. A quantification 
was not possible since image-based quantification of vascular structures or the 
fractions of apoptotic cells were not performed. Nevertheless, the decreasing release 
of VEGF during oCC (Figure 32) was shown to be reversed during recovery in ECGM 
(Figure 33), this being independent of the duration of oCC. The re-induced VEGF 
secretion from MSC following Dex-mediated suppression has not been previously 
reported. The observations of the maintenance of VLS in 48h oCC or the re-induced 
vessel formation in 7d oCC samples recovered in ECGM are similar to the findings of 
Yano and colleagues, who showed that binding of Dex to the GR was reversible in 
HUVEC, thus making them responsive to VEGF-induced angiogenic changes (Yano 
et al., 2006). The binding of Dex to the GR was described as being generally 
reversible (Rousseau and Baxter, 1979, Krieger et al., 1976). Since the re-initiated 
VEGF secretion correlated with constitutive concentrations of Ang-2 (Figure 33) 
these reversible steps may be responsible for the re-induction of angiogenesis.  
These results are in keeping with previous studies demonstrating EC death at low 
VEGF concentrations together with high Ang-2 levels (Lobov et al., 2002). 
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This hypothesis is further supported by the observation that VLS and VEGF secretion 
were constantly suppressed under prl-oCC conditions (Figure 33). Most importantly, 
matrix calcification and potential GAG deposition (and as hypothesized ECO) were 
maintained during recovery of 7d oCC samples in ECGM and even induced in 
48h oCC samples during the recovery incubation period (Figure 33). These data 
suggest that, once initiated, the osteogenic differentiation (and as hypothesized 
ECO) is not suppressed or inhibited by medium change and the absence of Dex. 
Furthermore, ECGM was supplemented with bFGF, which is known to support 
osteogenic differentiation in MSC (Ng et al., 2008, Montesano et al., 1986, Hanada et 
al., 1997). At the same time, it is known that not only Dex but also BMP-4 exhibits an 
osteo-inductive potential (Friedman et al., 2006). During oCC and the recovery period 
in ECGM BMP-4 was present at high constitutive concentrations and although not 
detected in the present study BMP-2 is known to be secreted by EC (Bouletreau et 
al., 2002, Sammons et al., 2004).  This indicates a potential supportive function of 
bFGF by inducing a pro-osteogenic stimulus provided by BMP-4 and possibly BMP-
2. Therefore, it can be speculated that the supplementation of bFGF during recovery 
in ECGM maintained the described differentiation-associated effects elicited by oCC. 

4.5 Firm as a rock: The evaluation of prevascularized osteogenic co-
cultures under varying culture conditions 

To evaluate the stability of the CC model system that allows the generation of 
prevascularized osteogenic CC as well as the maintenance or re-induction of VLS or 
VLS formation, different parameters of the model including the type of co-cultivation, 
the incorporated cell types, and the applied cell culture media were varied. 

4.5.1 Osteogenesis via direct and non-direct contact 

Direct cell-cell signaling was shown to be crucially involved in capillary formation 
within 2D or 3D CCs of EC with pOB in vitro (Unger et al., 2007, Stahl et al., 2004, 
Wenger et al., 2004) while paracrine signaling is generally involved in cell 
communication in vitro (Kolbe et al., 2011, Paschos et al., 2015). By using a transwell 
system to focus on non-direct cell-cell contact it was found that osteogenic 
differentiation can be rapidly induced in MSC MCs that were cultivated (top chamber) 
in the presence of a prevascularizing CC of MSC with HDMEC (bottom chamber) 
(Figure 34). This effect also occurred when MSC MCs were added to the culture 
system at the point when oCC was initiated (Figure 34). While the same effect did not 
develop in other experimental groups (MSC/MSC or MSC/Blank; see Figure 34) this 
clearly demonstrates that paracrine signaling actively contributes to the induction of 
osteogenesis in MSC. The induction of osteogenesis in MSC induced by EC was 
observed by others using CCs of MSC with HDMEC cultivated on various 3D 
scaffolds (Bulnheim et al., 2014). By performing the CCs in ECGM this latter study 
found enhanced osteogenic markers at the level of gene expression after 48h and 7d 
in direct but not in indirect CCs.  Apparently direct cell-cell contact is needed for EC 
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to induce osteogenic differentiation in MSC even in the absence of OS (Bulnheim et 
al., 2014). This outcome is in contrast to the findings described in the present study. 
Osteogenic differentiation was not obtained during angCC (see section XXX; Figure 
27) but during oCC in a non-direct CC model (Figure 34), thus indicating paracrine 
signaling from either HDMEC or MSC most likely activated by EC. 

Although, Bulnheim and colleagues did not demonstrate the relevance of gene 
regulation at the protein level or the calcification of an osteogenic matrix they 
reported an enhanced gene expression of BMP-2 (Bulnheim et al., 2014) which has 
been shown by others to exhibit an osteo-inductive potential (Cheng et al., 2001, 
Cheng et al., 2003, Kang et al., 2004) and to be released by EC (Bouletreau et al., 
2002, Kersten et al., 2005, Willette et al., 1999, Schluesener and Meyermann, 1995, 
Shin et al., 2004, Sorescu et al., 2004, Sorescu et al., 2003,). Therefore, it is likely 
that BMP-2 secreted by HDMEC exhibited an osteo-inductive function on MSC even 
via non-direct cell-cell contact and thus contributed to the induction of matrix 
calcification as described in the present study (Figure 34). This conclusion is 
supported by the expression of BMP-4 detected during oCC and the fact that final 
matrix calcification was clearly lowered or absent in MSC/MSC and MSC/Blank 
groups, respectively (Figure 32). It is of special interest that enhanced matrix 
calcification in MSC was also found when the latter cells were added to the culture 
system up to the point at which oCC was initiated (Figure 34). Although the final 
degree of matrix calcification in those MSC was slightly lower compared to MSC that 
were added when co-cultivation with HDMEC was started, this strongly supports the 
hypothesis that EC-derived paracrine signaling supports osteogenic differentiation of 
MSC. At the same time, it can be hypothesized that this strategy could be used to 
accelerate the osteogenic differentiation of MSC in other bone tissue engineering 
strategies using CCs of MSC with HDMEC as osteo-inductive units. Nevertheless, a 
certain effect of non-direct induction of osteogenesis in MSC by prevascularized CCs 
of MSC with HDMEC has not been previously described. 

4.5.2 Changing the type of endothelial cell 

To determine whether other parameters could affect the generation of 
prevascularized osteogenic CC, changing cell types was initially examined. First, 
HUVEC or OEC were substituted for HDMEC and co-cultured with MSC to determine 
whether the effect obtained during oCC was primarily linked to microvascular 
HDMEC. Several reports described that EC exhibit differences in cell signaling as 
well as pattern of protein expression, dependent on their microvascular or 
macrovascular origin (Brouillet et al., 2010, Jackson and Nguyen, 1997, Lang et al., 
2003). Both macrovascular HUVEC (Murthi et al., 2007) connected to embryonic 
development (Pansky, 1982) and non-macrovascular OEC (Jiang et al., 2007) 
isolated from peripheral blood precursors (Martin-Ramirez et al., 2012) are widely 
used to study prevascularization and angiogenesis in vitro (Correia et al., 2011, Logie 
et al., 2010, Pedersen et al., 2012, Chen et al., 2009, Verseijden et al., 2012, Thein-
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Han and Xu, 2013, Dohle et al., 2014, Dohle et al., 2010, Dohle et al., 2011, Fuchs et 
al., 2009a, Fuchs et al., 2007, Fuchs et al., 2010, Fuchs et al., 2009b, Holnthoner et 
al., 2015, Li et al., 2014, Groeneveld et al., 2015). It was found that 7d CC of MSC 
with HUVEC or OEC resulted in the same rapid induction of osteogenic differentiation 
following oCC as described in CCs of MSC with HDMEC in the previous sections 
(Figure 34). The results did not identify any differential effect of the type of EC on the 
osteogenic differentiation of MSC during oCC. However, VLS formation was found to 
differ in the CC models (Figure 34), suggesting that the conditions identified for VLS 
formation in CCs of MSC with HDMEC might not be optimal for CCs of MSC with 
HUVEC or OEC. This points towards possible differences in cell signaling and protein 
expression in the different phenotypes of EC, as mentioned above. However, the 
results obtained from oCC upon varying the type of EC clearly demonstrate that the 
inductive effect of EC on the osteogenic differentiation of MSC is conserved among 
the ECs. This was further illustrated by the induction of osteogenesis during oCC of 
MSC with a transformed EC line derived from a human hemangioblast (ISO-HAS-1; 
(Masuzawa et al., 1999, Unger et al., 2002)). 

4.5.3 Changing the type of MSC  

Experiments investigating the variation of the MSC type underlined the reproducibility 
of EC-driven enhancement of the osteogenic differentiation of MSC. Initial 
differentiation assays underlined the findings for bmMSC and atMSC described by 
several reports (Dominici et al., 2006), but were in contrast to the tri-lineage 
differentiation potential of HDF described by others (Aloise et al., 2014, Junker et al., 
2010). Upon co-cultivation with HDEMC for 7d followed by 7d oCC it was found that 
the rapid induction of osteogenesis in the MSC fraction was not limited to bmMSC 
(Figure 36). Both bmMSC and atMSC exhibited a comparable pattern, whereas CCs 
of HDF with HDMEC did not show osteogenic differentiation or matrix calcification 
after 7d oCC (Figure 36). It can be concluded that the cellular crosstalk in the 
described model leading to rapid osteogenesis during oCC is not dependent on the 
bone marrow origin of MSC. Since the degree of osteogenic differentiation was 
initially lower in atMSC compared to bmMSC (Figure 36) it can be further concluded 
that the induction of rapid osteogenesis during oCC with HDMEC is independent of 
the initial differentiation potential of MSC. Furthermore, since no VLS were detectable 
following 7d oCC in any of the CCs VR might be occuring as was described earlier in 
this study. However, a low amount of vessel formation was generally found after 7d 
of co-cultivation in ECGM prior to oCC (Figure 36). Therefore, it is possible that the 
CSDs and CSRs applied in the coculture studies were sub-optimal for CCs of atMSC 
or HDF with HDMEC. Altogether, these observations support the results obtained 
when varying EC cell type and highlight the fact that the cellular crosstalk leading to 
enhanced induction of osteogenesis in MSC during oCC is not limited to a certain 
tissue of origin but specific to MSC in general. 
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4.5.4 Excluding media-derived artifacts 

Having found that the EC-enhanced osteogenic differentiation during oCC was not 
limited to a certain type of EC or MSC, cell culture medium was evaluated to 
determine whether this enhancement was due to components present in the medium 
applied during oCC. As mentioned above the supplementation of Dex decreases the 
responsiveness of EC to VEGF by binding to the GR in EC (Logie et al., 2010).  In 
addition it suppresses VEGF expression in cultures of smooth muscle cells, head and 
neck cancer cells and hinders keloid fibroblasts in vitro (Nauck et al., 1998, Shim et 
al., 2010, Wu et al., 2006), the latter being similar to the MSC MCs during osteogenic 
differentiation in the present study (Figure 22). Although expressed during initial co-
cultivation in ECGM (Figure 29) VEGF was suppressed during oCC (Figure 29), thus 
creating an anti-angiogenic microenvironment. In contrast, Dex was found to buffer 
the pro-apoptotic function of βGP (10 mM) by reducing the fractions of early and late 
stage apoptotic and dead cells (Figure 31). Since it was shown by others that Pi 
induces apoptosis when administered at concentrations above 2.5 mM (Di Marco et 
al., 2008) studies were performed to determine if matrix calcification was observed 
when βGP was supplemented at physiological concentrations of 1.4 mM (Staum et 
al., 1972, Nishizawa et al., 2005). 

By conducting the oCC in various media (Table 23) it was found that matrix 
calcification occured at physiological phosphate concentrations (assuming 100% 
conversion of βGP by ALP; Figure 37), under standard oCC conditions (10 mM βGP, 
100 nM Dex, 50 µM AA2P) and in a commercial osteogenic differentiation medium 
(Comm.ODM; Figure 37). Furthermore, the results agree with findings described 
above which show that ECGM supplemented with OS is insufficient to induce 
osteogenic differentiation or matrix calcification in CCs of MSC with HDMEC (see 
section XXX; Figure 18; Figure 19; Figure 20; Figure 21). Of special interest are the 
data obtained with various media, showing a clear effect of βGP on the maintenance 
of VLS. Since VR occurred with standard oCC conditions and when ECGM was 
supplemented with OS (Figure 37) the existing VLS were maintained at physiological 
Pi concentrations or βGP deprivation (Figure 37). This supports the pro-apoptotic 
effect of βGP on HDMEC in the CC system, as concluded from apoptotic cell 
fractions in HDMEC MCs exposed to high levels of βGP (Figure 31). These results 
are similar to findings of Langenbach and colleagues, who described that βGP 
exhibits a pro-apoptotic function at high doses (e.g. 10 mM; (Langenbach and 
Handschel, 2013). It must be noted that VR might be still ongoing due to Dex 
administration, but was possibly delayed upon βGP deprivation, thus leading to 
maintained VLS after 7d oCC in the corresponding experimental groups (Figure 37). 
This is supported by ELISA measurements which demonstrate a low VEGF level 
linked to high Ang-2 levels when Dex is present in the medium (Figure 37). 
Moreover, the VEGF levels were approximately doubled when βGP was lowered 
from 10 mM to 1.4 mM or absent in ODM thus possibly causing a delay of VR in the 
corresponding groups. Nevertheless, the data obtained by the various media 
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correlate with findings demonstrated in the previous sections which underline the 
reproducibility of the described medium strategy, including oCC to permit the 
generation of prevascularized osteogenic CC within 14d.
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5 Conclusions  

The goal of the present study was to develop and optimize culture conditions using a 
perfusion-based strategy to rapidly generate a prevascularized osteogenic tissue-like 
sample to be used for implantation in bone-tissue regeneration applications. For this, 
cell culture parameters such as the MSC CSD or the cell culture medium were 
optimized to achieve the optimal environment for osteogenic differentiation of MSC 
initially. The experiments clearly identified αMEM-GM and a CSD of 20,000 MSC/cm2 
to give the best results. Both parameters were applied to the evaluation of 
osteogenesis in MSC on 3D scaffolds. 

As a 3D scaffold material to study the osteogenic differentiation of hMSC under 
comparative static and dynamic conditions in a perfusion bioreactor tNiTi as 
produced according to Gotman and colleagues was used (Gotman, 2010). The 
results described in the present study demonstrated that osteogenic differentiation of 
hMSC takes place on tNiTi scaffolds, thus providing a possibility to generate cell-
loaded tNiTi constructs for bone tissue engineering (BTE) applications. Furthermore, 
the use of medium perfusion represents a powerful tool to optimize the cellular 
environment of the hMSC needed for an adequate osteogenic differentiation process, 
as medium perfusion through tNiTi scaffolds enhanced the distribution of extracellular 
matrix and differentiating cells and also increased the degree of mineralization. In 
addition, it appeared that medium perfusion could act as a mechanical stimulus in a 
synergistic manner with biological inducers of osteogenesis, such as dexamethasone 
(Dex). In contrast, the results described in the present study revealed that medium 
perfusion as a sole mechanical stimulus was not sufficient to induce osteogenesis in 
human MSC in the absence of Dex. Summa summarum, the cultivation of cell-loaded 
tNiTi scaffolds in a perfusion bioreactor positively influenced the differentiation of 
hMSC and therefore favors tNiTi as a promising biomaterial for BTE applications. 

Based on these conclusions and optimized parameters a co-culture system of MSC 
with HDMEC was developed. In order to optimaly use the limited primary cell material 
as well as the influence of multi-dimensional flow fields or gradients on the cellular 
crosstalk the co-culture system was initially established in 2D. Having optimized the 
CSD of MSC MCs targeting osteogenesis it was investigated first if the MSC CSD 
could be transferred into co-cultures of MSC with HDMEC to allow for vascularization 
and angiogenesis parallel to osteogenesis. The initially performed experiments 
targeting a strategy to simultaneously stimulate both cellular processes found that 
osteogenesis and angiogenesis are individually but not simultaneously inducible in 
the initial co-culture model system evaluated. This outcome was confirmed by 
statistical analyses of single factor ANOVA as well as analyses of factor interactions 
clearly pointing towards strong interactions between osteogenic supplements (OS) 
and heparin+bFGF (pro-angiogenic supplements, HF), either targeting osteogenesis 
in MSC (OS) or vascularization and angiogenesis from EC (HF) seemingly 
counteracting each other in a repressive manner. A similar effect in a comparable 
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context has not been described before in the literature. Thus, the results highlight the 
need for a careful optimization process for the development of an adequate cell 
culture model. Independently, further studies are needed to investigate prolonged 
experimental periods addressing for instance the question of whether osteogenesis is 
induced at later culture stages or is generally suppressed in a pro-angiogenic 
environment as described. Similarly, the experiments should be repeated using other 
pro-angiogenic media either customized or commercially available, such as EGM2. 
However, the results presented here underline the necessity for the development of 
sequential medium strategies that aim to stimulate osteogenesis and angiogenesis 
separately. 

In this context, a sequential medium strategy was developed in the present study. By 
doing so, the stimulation of osteogenesis in MSC after priming in ODM and their 
subsequent co-cultivation with HDMEC in a pro-angiogenic stimulating medium was 
investigated first. The results demonstrated in the present study clearly indicate that 
osteoblastic cells generated by osteogenic differentiation of MSC exhibit a decreased 
potential to induce vascularization in vitro when co-cultured with HDMEC. To a lesser 
extent, prevascularization is slightly reduced when MSC were pre-cultivated for long-
term periods (e.g. 4wk) in regular basal medium (BM) prior to their co-cultivation with 
HDMEC, thus indicating that MSC should generally not exceed a certain time period 
of growth prior to their co-cultivation with HDMEC. As data on growth factor (GF) 
secretion or cell cycle analysis are missing from the phase of co-cultivation the 
regulatory mechanisms cannot be described in detail. By varying the co-culture set-
up, it was found that the observed effect was independent of any extracellular matrix 
generated during osteogenic priming or regular pre-cultivation. Moreover, the 
observed effect was independent of the cell seeding density of the respective 
osteogenically primed MSC or pre-cultivated MSC at the point of initiation of the co-
cultures. Nevertheless, the effect was highly reproducible, thus providing further 
evidence that fresh MSC, long-term cultivated MSC or osteoblasts derived from long-
term differentiation of MSC are all active enhancers of the prevascularization process 
in vitro. Although these findings are in contrast to other in vitro reports (Ma et al., 
2011) they are in agreement with data obtained during in vivo studies, demonstrating 
that final osteoblast differentiation is chronologically subsequent to vascularization 
and angiogenesis during fracture healing (Gerstenfeld et al., 2003b, Maes and 
Carmeliet, 2008, Marsell and Einhorn, 2011). Nevertheless, control experiments 
addressing senescence in the mono-cultures of during osteogenic priming or pre-
cultivation should be realized to obtain further insight into possible regulatory 
mechanisms that might explain the differential behavior of MSC in the following co-
cultures with HDMEC. Furthermore, recombinant VEGF administration should be 
applied in repeated co-culture experiments to evaluate the hypothesis that Dex-
mediated decreased VEGF secretion next to cellular senescence is a main factor in 
determining the differences in vessel-like structure formation as described. 
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Since vessel-like structure formation was found to be decreased when osteogenically 
primed MSC were co-cultivated with HDMEC an alternative approach was 
investigated with the aim of first stimulating prevascularization in co-cultures, 
followed by the induction of osteogenic differentiation in the MSC fraction. The data 
generated in the present study describe for the first time the rapid formation of 
prevascularized osteogenic co-cultures within less than 14d and possibly containing 
endochondral tissue. Moreover, the model mimics in vitro what is observed in vivo, 
namely endothelial cell signaling and vascularization are pre-requisites to obtain 
osteogenic differentiation of MSC either via endochrondral or intramembraneous 
ossification. Furthermore, the results indicate that a sequential medium strategy is 
optimal when applied in a bone tissue engineering context to address the generation 
of VLS and osteogenesis in MSC within a common sample. However, future studies 
should address the transcriptome and proteome of the CC system. Although 
osteogenic differentiation was demonstrated by increased ALP activity and the 
formation of a mineralized matrix the activation of key transcription factors, such as 
RUNX2 or osterix as specific for the induction of osteogenesis, was not investigated. 
In addition, proteins involved in the progress of ECO, including Col-X or secreted Ihh, 
should be evaluated to underline the presence of ECO via AB staining. 

The present study found that oCC of prevascularized MSC/HDMEC CCs is 
characterized by a time-dependent osteogenic differentiation possibly linked to ECO 
on the one hand, but exhibited a reverse correlation with the appearance of VR on 
the other hand. The time-dependent investigation of prevascularization and 
osteogenesis as described identified a time-window of 7d CC + 48h oCC to obtain 
and maintain VLS in the CCs. At the same time this time-window theoretically allows 
for the evaluation of the described sequential medium strategy in vivo. It can be 
assumed that the application of 48h oCC following 7d prevascularization on 3D 
scaffolds would allow for the transplantation of prevascularized osteogenic tissue 
constructs containing intact VLS. In addition, the results show that the in vitro model 
is limited in its functionality, as VR occurs following paracrine signaling, with the 
generation of an anti-angiogenic system in the course of oCC. 

Thus, the development of an alternative to circumvent the manifestation of VR during 
the presented sequential medium strategy was another aim of the present study. The 
results presented here described for the first time that a repetitive sequential 
stimulation of vascularization and osteogenesis allows for the fine-tuning of the 
vascular system while maintaining an osteogenic cell fraction and osteogenic matrix 
even derived from short-term stimulation (48h oCC). Altough mechanistically 
undefined, the studies demonstrate that VR obtained during oCC can be reversed by 
a following phase of recovery in pro-angiogenic medium to target pro-angiogenic GF 
release while maintaining an osteogenic cell fraction. Serially applied in several 
cycles, this approach could enable the generation of more mature BTE samples 
which contain a complex vascular bed. However, it is necessary to identify the 
regulatory mechanisms leading to the induction of VR to possibly suppress this 
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phenomenon, for example, by blocking agents supplemented to the medium either 
during oCC or during recovery. Independently, the approach highlights the time-
effective character of the developed sequential medium strategy for the generation of 
prevascularized osteogenic CC samples and the maintenance of their vascular 
system within a time frame of 2 to 3wk. Additionally, the robustness of this strategy 
was underlined by the variation of the system’s individual components. By varying 
the type of MSC and the type of EC it can be concluded that neither the initial 
prevascularization nor the osteogenic differentiation or matrix mineralization during 
oCC is linked to a specific type of MSC or EC. Moreover, the inducibilty of 
osteogenesis in MSC during oCC by either HDMEC, HUVEC, OEC or ISO-HAS-1 
points towards a mechanism that is conserved among EC in general and not linked 
to a microvascular, macrovascular or oncogenic cell character. Following variation of 
βGP concentrations during oCC it can also be concluded that the mineralization of 
the extracellular matrix does not represent an artifact induced by high levels of βGP, 
as discussed. Since matrix mineralization was present at physiological Pi , the 
sequential medium strategy as reported here might serve as a powerful basis for the 
evaluation of prevascularized osteogenic CC samples in vivo. For this, future studies 
need to transfer the 2D CC system onto 3D scaffolds. 

As identified by the present study 3D tNiTi represents a promising candidate material 
for BTE applications and is thus an attractive material for the evaluation of the 
sequential medium strategy in 3D. By applying the optimized parameters like CSDs 
and CSRs the CC system should be evaluated for its initial scale-up under static 
conditions and investigated in an in vivo set-up according to Unger et al. (Unger et 
al., 2010). The static evaluation should be followed by its evaluation under dynamic 
conditions in a perfusion bioreactor. At this point future studies need to investigate 
the influence of shear stress and medium perfusion on the formation and 
maintenance of VLS. Although osteogenesis in MSC is supported by medium 
perfusion, the question remains whether prevascularization is also maintained. Since 
NiTi is a metal alloy µCT represents the tool of choice to determine the overall 
surface of 3D tNiTi scaffolds. Furthermore, computational fluid dynamics can be 
applied based on the µCT data to simulate the composition and distribution of flow 
fields, thus providing detailed information about the expected shear stress, flow 
velocities and local pressures throughout the scaffold body. 
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6 Summary 

The development of a successful strategy for the generation of bone tissue 
engineering constructs in vitro is highly dependent on the integration of a complex 
vascular system. For this purpose, co-cultures (CC) of stromal cells with endothelial 
cells (EC) have been developed and evaluated in order to stimulate the formation of 
vessel-like structures (VLS) ex vivo. In this context, the time for in vitro processing 
aiming at tissue formation has to be optimized according to the overall time span and 
maximum therapeutic outcome of the chosen strategy. Furthermore, the application 
of state-of-the-art technologies such as perfusion bioreactors can additionally support 
the cells within a generated construct. Therefore, the present study aimed at 
developing a cultivation strategy that permits the generation of prevascularized 
osteogenic CC samples in vitro. 

An initial evaluation of osteogenesis in mesenchymal stem cell mono-cultures 
(MSC MC) found a cell seeding density (CSD) of 20,000 MSC/cm2 to result in the 
highest degree of osteogenic differentiation. When evaluating osteogenesis in 
MSC MCs on 3D trabecular nickel-titanium alloy (tNiTi) scaffolds in a perfusion 
bioreactor it was found that medium perfusion supports the osteogenic differentiation 
of MSC. In contrast, medium perfusion as sole stimulus was not sufficient to induce 
osteogenesis in human MSC. These results represent a starting point for the 
evaluation of a CC system of MSC with EC under comparable dynamic conditions. 
However, primary EC are limited in their angiogenic activity and total available 
numbers upon expansion in vitro. Therefore, strategies focusing on the stimulation of 
osteogenesis and VLS formation in a common CC system were initially performed in 
2D. This should allow for an initial screening, the adequate optimization and 
evaluation of individual factors of the culture system, as well as the determination of 
their respective impact. The initial evaluation of the cell seeding ration (CSR) in CC of 
MSC with human dermal microvascular EC (HDMEC) demonstrated a remarkable 
effect on the formation of VLS. VLS formation was found to reach a maximum when 
a CSR of 3:2 (MSC:HDMEC) was combined with a MSC CSD of 20,000 MSC/cm2. 
Interestingly, this CSD also resulted in maximum osteogenesis in MSC MCs. 

The following screening studies aimed at examining the combination of pro-
osteogenic and pro-angiogenic factors in order to simultaneously stimulate 
osteogenesis and VLS formation in the CC system. The results clearly indicated that 
osteogenic supplements (OS) suppress VLS formation while pro-angiogenic 
supplements (HF, heparin+bFGF) suppress osteogenic differentiation by the 
incorporated MSC fraction. The interaction between OS and HF indicated that a 
sequential strategy involving separate stimulation of osteogenesis in MSC and the 
formation of VLS might be superior to a simultaneous stimulation strategy. For this 
purpose, two sequential strategies were evaluated. In a first strategy MSC MCs were 
primed in osteogenic differentiation medium (ODM) to induce osteogenic 
differentiation and subsequently evaluated for their capacity to induce VLS formation 



Summary 

139 
 

in a CC with EC. The results clearly demonstrated that osteogenic priming of MSC in 
ODM reduced their potential to induce the formation of VLS in CC with EC, most 
likely due to the dexamethasone (Dex)-mediated reduction of VEGF expression by 
the MSC. The observed effects were found to be independent of the initial number of 
MSC present in the CC or of osteogenic matrix that was formed during the 
osteogenic priming process. However, since VEGF expression is required for the 
induction of VLS formation in vitro a second sequential cultivation strategy focused 
on the induction of VLS formation before osteogenesis by the incorporated MSC 
fraction was stimulated. This approach reliably resulted in the generation of CC 
samples that contained pre-formed vascular networks embedded within an 
osteogenic matrix. Analysis of other factors produced in the model indicated that 
inhibition effects on the VLS formation were found upon exogeneous phosphorus 
supplementation and that this could be reversed by re-switching the CC to a pro-
angiogenic medium. At the same time, the formation of osteogenic matrix could be 
maintained. Furthermore, the results showed that the observed rapid osteogenic 
differentiation of MSC within prevascularized CC is dependent on the presence of but 
independent of the type of EC. Similarly, the rapid osteogenic induction could be 
obtained when exchanging bone marrow-derived MSC (bmMSC) with adipose tissue-
derived MSC (atMSC). Nevertheless, by varying the type of ODM it could be 
demonstrated that the outcome of the second sequential cultivation strategy does not 
represent an artifact induced as a response to a specific differentiation medium. 

Altogether, the present study established a reproducible strategy for the generation 
of a prevascularized CC containing an osteogenic matrix within a well-defined time 
frame of less than 14d. At the same time, the evaluation of the opposite sequential 
strategy or the simulateous stimulation strategy revealed reducing or inhibitory 
effects of medium components on either vascularization and angiogenesis or 
osteogenesis. Together with the findings of enhanced osteogenesis in MSC MCs on 
3D scaffolds by medium perfusion the present study defined conditions applicable for 
the transfer of the promising sequential cultivation strategy into a 3D dynamic 
environment. 
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7 Zusammenfassung 

Die Entwicklung einer erfolgreichen Strategie zur Erzeugung von Konstrukten für das 
Tissue Engineering von Knochengewebe in vitro ist stark abhängig von der 
Integration eines komplexen Gefäßsystems. Zu diesem Zweck wurden Co-Kulturen 
von Stromazellen mit Endothelzellen etabliert und evaluiert, mit dem Ziel, die Bildung 
von VLS ex vivo zu stimulieren. In diesem Zusammenhang ist die Zeit für die in vitro-
Bearbeitung, mit dem Ziel der Gewebebildung, hinsichtlich der Gesamtzeitspanne 
und maximalem therapeutischen Ergebnis der jeweiligen Strategie zu optimieren. 
Zusätzlich kann die Anwendung von state-of-the-art-Technologien wie 
Perfusionsbioreaktoren die Zellen innerhalb eines erzeugten Konstrukts unterstützen. 
Ziel der vorliegenden Studie war die Entwicklung einer Kultivierungsstrategie, welche 
die Erzeugung von prevaskularisierten und osteogen differenzierten Co-Kulturproben 
in vitro ermöglicht. 

Eine erste Untersuchung der Osteogenese in MSC Mono-Kulturen identifizierte den 
höchsten Grad der osteogenen Differenzierung bei Verwendung einer CSD von 
20.000 MSC/cm2 Eine Evaluierung der Osteogenese in MSC Mono-Kulturen auf 3D 
tNiTi Scaffolds in einem Perfusionsbioreaktor bewies, daß Mediumperfusion die 
osteogene Differenzierung von MSC unterstützt. Im Gegensatz dazu war die 
Mediumperfusion als alleiniger Stimulus nicht ausreichend, um die Osteogenese in 
menschlichen MSC zu induzieren. Diese Ergebnisse repräsentieren einen 
Ausgangspunkt für die Bewertung eines Co-Kultursystems von MSC mit 
Endothelzellen unter vergleichbaren dynamischen Bedingungen. Jedoch sind 
primäre Endothelzellen in ihrer angiogenen Aktivität und verfügbaren totalen Zellzahl 
durch die Expansion in vitro begrenzt. Um einzelne Einflussfaktoren adäquat 
bewerten und optimieren sowie Ihre jeweiligen Auswirkungen bestimmen zu können, 
wurden aus diesem Grund die Strategien, die sich auf die Stimulation der 
Osteogenese und Gefäßbildung in einem gemeinsamen Co-Kultursystem 
konzentierten, anfänglich in 2D durchgeführt. So ergab ein erste Untersuchung zum 
Einfluss des MSC:HDMEC CSR einen deutlichen Einfluss auf die Bildung von VLS. 
Eine maximale VLS Bildung resultierte aus der Anwendung eines CSR von 3: 2 
(MSC:HDMEC) verbunden mit einer anfänglichen MSC CSD von 20.000 MSC/cm2. 
Die gleiche MSC CSD ergab auch eine maximale Induktion der Osteogenesis in 
MSC Mono-Kulturen. 

Eine aufbauende Screening-Studie hatte im Folgenden das Ziel, die Kombination von 
pro-osteogenen (OS) und pro-angiogenen Faktoren (HF) in einem Zellkulturmedium 
zu untersuchen. Das Ziel bestand in der gleichzeitigen Stimulation der Osteogenese 
in MSC und der Bildung von VLS im Co-Kultursystem. Die Ergebnisse zeigten 
deutlich, dass die Zugabe von OS die VLS Bildung unterdrückte, während die 
Supplementierung von HF die osteogene Differenzierung der MSC-Fraktion 
verhinderte. Die Wechselwirkung zwischen OS und HF deutete zudem darauf hin, 
dass eine sequenzielle Mediumstrategie zur separaten Stimulation der Osteogenese 
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in MSC und der Bildung von VLS möglicherweise vorteilhafter ist. Hierzu wurden 
zwei aufeinanderfolgende Strategien untersucht. In einer ersten Strategie wurden 
MSC Mono-Kulturen zur Stimulation der osteogenen Differenzierung in ODM 
vorkultiviert und anschließend hinsichtlich ihrer Fähigkeit zur Stimulation der VLS-
Bildung in einer Co-Kultur mit Endothelzellen evaluiert. Die Ergebnisse zeigten 
deutlich, dass die osteogene Vorstimulation von MSC in ODM deren Potential zur 
Stimulation der VLS Bildung in einer Co-Kultur mit Endothelzellen reduziert. Dieser 
Effekt kann möglicherweise auf eine Dex-vermittelte Reduktion der VEGF-
Expression seitens der MSC zurückgeführt werden. Die Resultate waren in diesem 
Zusammenhang unabhängig sowohl von der initialen Anzahl der MSC in der Co-
Kultur als auch von osteogener Matrix, die während der osteogenen Vorstimulation 
der MSC in ODM gebildet wurde. Da die Expression von VEGF jedoch für die 
Induktion der VLS-Bildung in vitro essentiell ist, zielte eine alternative zweite 
sequentielle Kultivierungsstrategie darauf ab, zuerst die Bildung von VLS in der Co-
Kultur zu stimulieren und anschließend die osteogene Differenzierung der 
beinhalteten MSC-Fraktion zu induzieren. Dieser Ansatz ermöglichte die 
reproduzierbare Generierung von Co-Kulturen, die vorgeformte Gefäßnetzwerke 
eingebettet in einer osteogenen Matrix enthalten. Eine Analyse weiterer 
Einflussfaktoren im Modell ergab, dass eine hemmende Wirkung durch exogen 
supplementiertes Phosphat auf die VLS-Bildung durch eine wiederholte Umstellung 
der Co-Kultur auf ein pro-angiogenes Medium umgekehrt werden konnte. 
Gleichzeitig konnte die Ausbildung einer osteogenen Matrix aufrechterhalten werden. 
Darüber hinaus zeigten die Ergebnisse, dass die beobachtete rasche osteogene 
Differenzierung der MSC innerhalb der prevaskularisierten Co-Kultur abhängig von 
der Anwesenheit, jedoch unabhängig von der Art der verwendeten Endothelzellen ist. 
Des Weiteren konnte die schnelle Induktion der Osteogenese neben bmMSC auch in 
atMSC erzielt werden.Zusätzlich konnte durch Variation der Zusammensetzung des 
ODM gezeigt werden, dass das reproduzierbare Ergebnis der zweiten sequentiellen 
Kultivierungsstrategie kein Artefakt als Antwort auf ein spezifisches 
Differenzierungsmedium repräsentiert. 

Zusammengefasst hat die vorliegende Studie eine reproduzierbare 
Kultivierungsstrategie etabliert, mit der in weniger als 14d Co-Kulturproben generiert 
werden können, welche vorgeformte Gefäßstrukturen eingebettet in eine osteogene 
Matrix enthalten. Zugleich wies die Auswertung der gegenübergestellten ersten 
sequentiellen Kultivierungsstrategie oder der simultanen Stimulationsstrategie eine 
reduzierende oder hemmende Wirkung einzelner Mediumkomponenten sowohl auf 
die Vaskularisierung und Angiogenese als auch auf die Osteogenese in MSC nach. 
Zusammen mit den Ergebnissen der verstärkten Osteogenese in MSC Mono-
Kulturen auf 3D-Scaffolds durch Mediumperfusion hat die vorliegende Studie klare 
Rahmenbedingungen für die Maßstabsübertragung einer vielversprechenden 
sequentiellen Kultivierungsstrategie in eine dynamische 3D-Umgebung definiert. 
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12 Appendix 

Supplementary Table 1: Exemplary raw data for the impact of addition or exclusion of osteogenic 
supplements, angiogenic supplements (heparin+bFGF) and the concentration of FCS on the formation 
of vascular structures represented by the vascular area 

Donor Osteogenic 
Supplements  

FCS 
[%] 

Heparin 
+ bFGF 

Vascular 
Area 

1 

- 10 - 1,2 
+ 10 - 0 
- 15 - 0 
+ 15 - 0 
- 10 + 4,08 
+ 10 + 0 
- 15 + 6 
+ 15 + 0 

2 

- 10 - 0,83 
+ 10 - 1,25 
- 15 - 1,81 
+ 15 - 0,4 
- 10 + 5,99 
+ 10 + 0 
- 15 + 4,19 
+ 15 + 0 

3 

- 10 - 0 
+ 10 - 0 
- 15 - 0,74 
+ 15 - 0 
- 10 + 4,68 
+ 10 + 0 
- 15 + 3,69 
+ 15 + 0 
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Supplementary Table 2: Summary of raw data shown in Supplementary Table 1 sorted according to 
the variation of the FCS concentration  

Summary Vascular Area VA [mm
2
/cm

2
] 

FCS (10 %) FCS (15 %) 

1,2 0 

0 0 

4,08 6 

0 0 

0,83 1,81 

1,25 0,4 

5,99 4,19 

0 0 

0 0,74 

0 0 

4,68 3,69 

0 0 

 

 

 

Supplementary Table 3: ANOVA single factor analysis of variance performed in Microsoft EXCEL on 
the data for vascular area shown in Supplementary Table 2 

Summary 

Groups Number Sum Mean Variance 

Column 1 12 18,03 1,50 4,64 

Column 2 12 16,83 1,40 4,32 

 

ANOVA Sum of 
Squares (SS) 

Degrees of 
freedom (df) 

Mean SS  
(MS) 

test 
statistic 

(TS) 
p-value Fcrit 

Difference between 
groups 

0,06 1 0,06 0,013 0,90 4,30 

Difference within 
groups 

98,58 22 4,48 
   

Total 98,64 23 
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Supplementary Figure 1: Influence of the cell seeding density (CSD) on the osteogenic 
differentiation of MSC A: Microscopic evaluation of osteogenesis in MSC by Alizarin Red staining 
(calcium deposition) and von Kossa staining (phosphate deposition), Scale bars: 5 mm; B: 
Quantification of Alizarin Red staining in samples shown in A; C: Image-based quantification of von 
Kossa stainings shown in A 
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Supplementary Figure 2: Influence of the basic medium in ODM on the osteogenic differentiation of 
MSC after 4W. A: Osteogenesis in each medium without (Basal) or with addition of osteogenic 
supplements (ODM) characterized by alkaline phosphatase activity staining, Alizarin Red staining 
(calcium deposition) and von Kossa staining (phosphate deposition), Scale bars: 5 mm; B: Image-
based quantification of calcium deposition in media screened in A; C: Image-based quantification of 
phosphate deposition in media screened in A 
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Supplementary Figure 3: CSR-dependent quantification of VEGF, Ang-1 and Ang-2 in mono-cultures 
of MSC (MSC MC) and HDMEC (HDMEC MC) after 7d and 14d of cultivation in ECGM 
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Supplementary Figure 4: Single donor quantification according to Figure 15B: Image-based 
quantification of CSR-dependent tube-formation and comparison of angiogenesis-related parameters 
in MSC/HDMEC co-cultures using varying CSR 
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Supplementary Figure 5: Schematic representation of the workflow for the generation of MSC-
BM2wk, oMSC-2wk, MSC-BM4wk and oMSC-4wk used to investigate the influence of osteogenic 
priming of the MSC on the prevascularization in various CC set-ups (approaches) with HDMEC 
described in Figure 23 
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Supplementary Figure 6: Determination of cell numbers in noMSC and oMSC after 2W and 4W of 
cultivation in non-osteogenic medium and osteogenic medium, respectively; A: Values shown as 
means of three biological replicates; B: Cell numbers shown on the single donor level; Grey line 
indicates the initial CSD; S: Start of experiment; D1: Donor 1, D2: Donor 2; D3: Donor 3 
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Supplementary Figure 7: Influence of MSC-BM and oMSC in 2wk CC with HDMEC (Approach B) on 
the formation and quantification of vessel-like structures. Vasculogenesis and angiogenesis are 
characterized by the image-based quantification of the “Vascular area” (A), the number of “Networks” 
(B), the “Mean Network Length” (C), the total number of branches (“Total Branches, (D)), the number 
of “Branches per Network” (E), and the number of “Branch Points” per network (F); Approach: 
indicates the type of CC according to scheme in Figure 23 
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Supplementary Figure 8: Influence of MSC-BM and oMSC in 2wk CC with HDMEC (Approach C) on 
the formation and quantification of vessel-like structures. Vasculogenesis and angiogenesis are 
characterized by the image-based quantification of the “Vascular area” (A), the number of “Networks” 
(B), the “Mean Network Length” (C), the total number of branches (“Total Branches, (D)), the number 
of “Branches per Network” (E), and the number of “Branch Points” per network (F); Approach: 
indicates the type of CC according to scheme in Figure 23 
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Supplementary Figure 9: Single donor level (Donor 1) according to Figure 24B, Supplementary 
Figure 8, Supplementary Figure 9 
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Supplementary Figure 10: Single donor level (Donor 2) according to Figure 24B, Supplementary 
Figure 8, Supplementary Figure 9) 
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Supplementary Figure 11: Single donor level (Donor 3) according to Figure 24B, Supplementary 
Figure 8, Supplementary Figure 9) 
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Supplementary Figure 12: Detection of vessel-like structures after 3d (3d CC) and 2W (2W CC) of 
co-cultivation using immunofluorescence staining for CD31 (CD31/DAPI) and microscopic evaluation 
of matrix calcification after additional 72h oCC and 7d oCC using transmitted light microscopy (TL); 
Scale bars: 200 µm  
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Supplementary Figure 13 : Single donor investigation corresponding to Figure 27A - Quantification of 
Alizarin Red staining in 7d and 14d MSC/HDMEC co-cultures after oCC or angCC for 12h to 14d 
compared to a DC; A1/A2: Donor 1; B1/B2: Donor 2; C1/C2: Donor 3; D1: Donor 4 
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Supplementary Figure 14: Single donor evaluation corresponding to Figure 27G: Comparative 
quantification of Alizarin Red staining in post-differentiated MSC/HDMEC co-cultures with varying CSR 
of 1:2 and 1:4 normalized to the standard CSR of 1:0.66  

 

 

 
Supplementary Figure 15: Single donor level according to Figure 34B: Identification of a paracrine 
effect of post-differentiated co-cultures (CC) or MSC MCs (MSC) on the calcification of MSC MCs in a 
transwell system (description of transwell cultures according to Figure 34A) determined by quantitative 
analysis of AR staining intensities; TC: top chamber, BC: bottom chamber 
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Supplementary Figure 16: Evaluation of an endothelial compartment and matrix calcification in 
MSC/ISO-HAS-1 Co-cultures after 7d oCC or 7dangCC using immunofluorescence staining for CD31 
and AR stining; Scale bars: 200 µm 
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Supplementary Figure 17: Evaluation of a tri-lineage differentiation potential of bone marrow-derived 
MSC (bmMSC), adipose tissue-derived MSC (atMSC), human brain vascular pericytes (HBVP) and 
human dermal fibroblasts (HDF) cultivated in ODM, ADM or CDM and stained for osteogenic 
differentiation, adipogenic differentiation and chondrogenic differentiation using Alizarin Red staining + 
Von Kossa staining, Oil Red O staining and Alcian Blue + Safranin O staining, respectively; Scale 
bars: 500 µm; Scale bars in inserts: 50 µm 
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Supplementary Figure 18: Evaluation of ALP activity and matrix calcification using ALP activity 
staining and AR staining in MSC MC cultivated for 7d in ECGM followed by a cultivation in media as 
indicated in Table 23 serving as differentiation controls (DC); Scale bars: 500 µm 
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Supplementary Figure 19: Microscopic evaluation of vessel formation (overview) using IF staining for 
CD31 in MSC/HDMEC co-cultures after 7d oCC in customized and commercial differentiation media 
described in Table 23; Scale bars: 500 µm 
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Supplementary Figure 20: Quantitative analysis of AR staining intensities in 48h oCC and 7d oCC 
samples after recovery in ECGM or prl-oCC in ODM 

 

 

 

 
Supplementary Figure 21: Image-based quantification of AB staining intensities in 48h oCC and 
7d oCC samples after 7d of recovery in ECGM or prl-oCC in ODM 
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Supplementary Figure 22: Flow cytometric evaluation of the expression of CD90, CD105, CD73 and 
CD44 on HDMEC cultivated in ECGM, ODM, ODM-Dex or ODM-βGP; Panel shows exemplary results 
from 1 donor 

 

 
Supplementary Figure 23: Quantification of CD34 expression on HDMEC cultivated for 7d under 
comparative conditions in ECGM, ODM, ODM-Dex or ODM-βGP based on flow cytometric analysis 
shown in Supplementary Figure 22; Results are given as means (± SEM) from 3 biological replicates; 
Asterisks indicate statistically significant differences: *: p < 0.05; **: p < 0.01 
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Supplementary Table 4: Quantification of early apoptotic cells, late apoptotic cells and dead cells in 
HDMEC MCs cultivated in ODM, ODMw/oDex and ODMw/oβGP using flow cytometric analysis for 7-
AAD/AnnexinV staining; The influence of single factors in ODM on the cell fractions is indicated as 
“Effect of [%]”; “-“: indicates reduction of corresponding cell fraction percentage in relation to ODM; “+”: 
indicates increase of corresponding cell fraction percentage in relation to ODM; Results represent 
mean values of 3 individual donors 

Cell Fraction 
Medium – absolute [%] Effect of [%] 

ODM ODMw/oβGP ODMw/oDex  Dex only bGP only 
Early apoptotic 9,15 5,35 10,2 -3,8 +1.05 
Late apoptotic 11,64 9,56 17,6 -2,08 +5.96 
Dead 2,25 3,98 4,34 +1,73 +2.09 
 

 

 
Supplementary Figure 24: Flow cytometry-based analysis of surface marker expression on MSC 
isolated after 7d angCC and expanded over 2 passages, Panel shows examplary results from 1 donor 
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Supplementary Figure 25: Flow cytometry-based analysis of surface marker expression on MSC 
isolated after 7d oCC and expanded over 2 passages; Panel shows examplary results from 1 donor 


