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Embryonic stem cells (ESC) are pluripotent cells that boast unlimited expansion potential 
in vitro and the ability to differentiate into any cell in the adult body. Maturation of ESC into 
endothelial cells (EC) provides a developmental model and cell source for therapeutic 
applications. During vascular development, ESC differentiate into vascular progenitor cells 
(VPC), a multipotent progenitor that may further specialize into EC and SMC daughter cell 
populations. However, the cues that guide both VPC and EC differentiation during in vitro 
vascular specification are still not well understood. Here, I report the generation of a specialized 
cell line for studying vascular development in vitro. Using serum-free protocols, the generation of 
VPC from this cell line was optimized for generation of VPC and EC based on peak Flk-1 and 
VE-cadherin expression respectively. The optimization factors were differentiation length, initial 
cell seeding density, growth factor concentrations, and substrate. In order to examine the role of 
insoluble vascular endothelial growth factor (VEGF) signaling, cells were exposed to insoluble 
VEGF bound within fibronectin matrix and assessed for VPC differentiation and Flt-1 expression. 
To a lesser extent, smooth muscle cell differentiation and the generation of microvascular 
formations in a three-dimensional (3D) microfluidic device were also investigated. Overall, the 
specialized cell line expressed green fluorescent protein under the Tie-2 promoter and red 
fluorescent protein under the α-SMA promoter. These cells generated a high number and a pure 
population of Flk-1+ cells that later differentiate into EC cells that express VE-cadherin, 
acetylated low density lipoprotein, and have the ability to form vascular-like structures. When 
exposed to high levels of vascular endothelial growth factor (VEGF), both soluble and insoluble 
in combination, Flt-1 was upregulated. During differentiation, initial cell seeding density and 
matrix signaling were more statistically significant compared to growth factor concentrations on 
upregulating VE-cadherin expression. These novel findings highlight the roles of cell adhesion 
molecules involved in cell-cell communication and matrix binding during the endothelial 
differentiation process.  
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CHAPTER 1  
Introduction 

 
 

1.1 BACKGROUND 
 
Approximately 135,000 people are on the organ transplantation list, with only 20,000 expected to 
receive transplants this year [1].  Even though one donor may donate multiple organs, organ 
shortages (especially of kidney and hearts) still remain with no indication of resolution in the near 
future. Tissue engineered organs generated in laboratories may be an alternate source to organ 
donors. Basic structural tissues, like the trachea and bladder, have already been generated using 
scaffolds seeded with autologous cells, and are currently undergoing clinical trials [2-4]. 
However, these engineered tissues are thin hollow organs that are largely avascular, and do not 
require immediate integration with the patient’s circulatory system. The successful integration of 
organs comprised of larger amounts of tissue – with higher metabolic needs for nutrient delivery 
and waste removal – will require a functional vascular network throughout the tissue prior to 
implantation.  

The number of cells required to regenerate organs and tissues cannot currently be met by 
expanding an autologous cell source without compromising the native tissue [5]. Embryonic stem 
cells (ESC) are an attractive cell source for regenerative medicine due to their unlimited 
proliferative potential and ability to differentiate into any cell type in the human body. In order to 
engineer a tissue construct, a patent vascular network must be incorporated into the graft to meet 
the metabolic needs of the tissue. In vivo, the development of vascular networks is an intricately 
orchestrated process, governed by a mix of growth factor and matrix signaling in tandem. 
However, in vitro studies of vascular fate have focused only on manipulating one factor at a time 
instead of the combinatorial effect of interacting factors.  Understanding the cues that guide ESC 
toward vascular cell fate will enable the study of normal and pathological development processes 
for the future of regenerative medicine. 
 
1.1.1 Vasculogenesis in the Embryo 
Vascular network formation was first described in morphogenic terms by Florence Sabin who 
observed angioblasts, in chick embryos, migrating to form vacuoles and differentiating into the 
first endothelial cells (EC) and primary vascular plexus [6]. Since then, endothelial precursors 
have been identified as originating in the mesodermal layer of the embryo and with molecular 
markers, including the tyrosine kinase class [7] vascular endothelial growth factor (VEGF) 
receptors Flk-1 [8-10] and Flt-1 [11] (Fig. 1.1.1). Other early vascular progenitor markers also 
include Tie-1 and Tie-2 [7]. Markers of maturity in EC include platelet endothelial cell adhesion 
molecule-1 (PECAM-1) [12, 13], vascular endothelial cadherin (VE-cadherin) [13], and von 
Willebrand factor (vWF) [14] (Fig. 1.1.1).  
 Studies incorporating null gene defects reveal the importance of these proteins in 
endothelial cell development. Flk-1 null embryos fail to form blood-islands or undergo 
vasculogenesis, highlighting the importance of Flk-1 in endothelial differentiation [15]. Flk-1 
expression is influenced by the presence of bone morphogenetic protein-4 (BMP-4), fibroblast 
growth factor (FGF), and the Wnt ligand (Fig. 1.1.2) [16, 17]. When these pathways are inhibited, 
Flk-1 expression is greatly reduced and may be abolished altogether. Flk-1 expression is rescued 
by induced expression of the transcription factor Er71 in the presence of the inhibitors [18]. 
BMP-4 expression is regulated through the Hedgehog and necessary for vascular tube formation 
[19].  
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Figure 1.1.1: Timeline of molecular markers associated with the onset of endothelial 
differentiation in the embryo [7, 11-14].  
 

 
Figure 1.1.2: In vivo studies have shown that BMP-4, bFGF, and the Wnt ligand act to promote 
Flk-1 and Brachyurry expression. These two proteins are indicative of the mesodermal germ layer 
within the embryo and the origin of endothelial cells.  
 
 Flt-1 null embryos have an overabundance of EC that never organize into vascular 
networks [20, 21]. In addition, Flt-1 has been highlighted for its role as a decoy VEGF receptor 
[22]; its presence (or lack thereof) may prevent abnormal endothelial precursor development and 
migration.  Disruption of the Tie-1 gene results in embryonic lethality between 13.5-14.5 days 
post coitum (dpc) due to edema and hemorrhaging from disruptions in lymphatic endothelial 
development [23]. Dominant-negative mutations in Tie-2 lead to fewer EC and abnormal 
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myocardial development [24]. VE-cadherin is necessary for EC remodeling and survival through 
the ß-catenin pathway [25]. 
 A myriad of cues from the surrounding extracellular matrix (ECM) and growth factor 
signaling regulate endothelial development and induce EC marker expression during 
embryogenesis. Growth factors are signaling molecules that guide cell fate. Dr. Judah Folkman 
first identified a tumor angiogenesis factor (also known as vascular permeability factor) for its 
importance in tumor growth [26]; the molecule was later identified and renamed VEGF for its 
mitogenic effect on EC [27-29]. Mouse embryos with only one normal VEGF allele or two 
mutated VEGF-/-, arrest between day 9.5 and 10.5 days post coitum (dpc) due to tissue necrosis 
and abnormal blood cell and vessel development  [30, 31]. VEGF expression of EC is negatively 
regulated by SMAD1/5/8 (Fig. 1.1.3) [32]. When administered through an intraperitoneal (IP) 
injection, VEGF increased the number of circulating endothelial progenitor cells (EPC) which 
stained positive for acetylated low density lipoprotein (acLDL) [33]. 

 
Figure 1.1.3: Several transcription factors regulate VEGF secretion, including HIF-1α, Sp1, and 
SMAD 1/5/8. VEGF has been found to activate the Ras pathway and stimulates proliferation, 
migration, and differentiation of cells.  
 
 Differentiation of EC through VEGF-mediated signaling pathways is a complex process 
with several redundancies (reviewed in [18, 34]). VEGF signaling may be regulated by HIF-1α 
signaling [35-37] or Sp1 [38]. In adult cells, PGC-1alpha stimulates skeletal muscle to secrete 
VEGF under ischemic conditions [39]. VEGF has also been implicated in a signaling cascade that 
activates the Ras pathway when bound to the Flk-1/Neuroplin-1 complex [40]. 
 Basic fibroblast growth factor (bFGF) is another important growth factor that regulates 
vascular development and angiogenesis. The bFGF receptor, FGF receptor-2, is required for 
regular blastocyst development and inner cell mass maintenance [41]. When day 7.5 embryos 
were injected with antisense bFGF RNA, development ceased and vascular defects occurred with 
24 hours, which highlights the importance of bFGF for continued vascular development and 
differentiation [42]. Further studies by the same group supported evidence that bFGF activates 
MAPK phosphorylation separately from VEGF [43]. Additional evidence suggests that bFGF is 
responsible for autocrine VEGF signaling during angiogenesis studies in the mouse cornea [44]. 
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 In addition to VEGF, the Tie-2 ligands Angiopoietin-1 (Ang1) [45] and Angiopoeitin-2 
(Ang2) [46] are also indispensible for vascular formation (Fig 1.1.4). Ang1 is necessary for the 
activation and phosphorylation of Tie-2; mice lacking Ang1 failed to form tight junctions 
between EC [45]. Contrarily, Ang2 blocks phosphorylation of Tie-2 in EC and overexpression 
results in more severe vascular defects due to lack of tight junction formation [46]. These results 
suggest that Ang-1 and Ang-2 are not necessary for vascular differentiation, but are important for 
EC survival and overall vessel integrity. Additional evidence suggests that Ang-1 prevents EC 
apoptosis through Akt activation [47]. 

 
Figure 1.1.4: Ang1 signaling through Tie-2 activates the Akt pathway and enables cell survival 
downstream. Ang2, is a competitive inhibitor for Tie-2 and blocks this pathway. Both molecules 
are important for balancing angiogenesis and maintaining homeostasis within the developing 
vasculature. 
 
 The extracellular matrix (ECM) plays a key role in providing integrin binding sites and 
creating the correct microenvironment for EC differentiation. Early vasculogenesis occurs in a 
fibronectin rich environment, with laminin later becoming the dominant basement membrane 
ECM protein [48]. Additional angiogenic studies using rat aortic rings also followed this trend, 
with sprouting EC depositing fibronectin first [49]. Collagen type IV and laminin stained as the 
predominant ECM components after 7 days in culture when the sprouts resembled mature vessels 
[49]. When the fibronectin-specific α5 integrin is knocked down, fibronectin production 
decreased and the vascular plexus failed to organize within embryos [50].   
 
1.1.2 Vascular Progenitor Cells and Endothelial Progenitor Cells in Vitro  
After ESC were first isolated from the inner cell mass (ICM) of a blastocyst [51],  cystic 
embryoid body structures enabled the first observations of tubulogenesis [52], vasculogenesis 
[53], and angiogenesis [54] in vitro. Embryoid bodies (EB) were commonly used to generate EC. 
However, low yield and the inability to decode potential signals for ESC-EC fate prompted 
monolayer differentiation techniques to be pioneered.  
 In vitro, cells expressing Flk-1 have also been identified as vascular progenitor cells 
(VPC) that may be used to generate pure populations of EC (Fig 1.1.2.1). Notable studies of fate 
determination come from single cell studies done by Nishikawa et al., and Yamashita et al., in 
which ESC were induced towards Flk-1+ cells that then gave rise to both EC and hematopoietic 
cells or EC and vascular smooth muscle cells (vSMC), respectively [55, 56]. The study done by 
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Yamashita et al., noted the presence of both α-SMA+ and PECAM-1+ cells from a common Flk-1+ 
progenitor four days after single cell sorting. A more recent study from the Nishikawa group 
identified in vitro conditions that enable multiple mesodermal subsets to be generated using a 
combination of various growth factors that gave rise to EC. Only serum containing conditions 
with VE-cadherin+ cells enabled detection of hematopoietic cells as marked by CD45 [57]. H9 
ESC treated with 50 ng/mL each of BMP-4, VEGF, and FGF differentiated into CD34+ cells that 
displayed the mature EC markers PECAM-1 and VE-cadherin and were functionally 
characterized for LDL uptake and tube formation on Matrigel™ [58]. An overview of the 
different cell types, culture conditions, and EC yields is summarized in Table 1.1.2.1. 
 

Figure 1.1.5: ESC differentiate into VPC which may be purified into functional EC or vSMC. EC 
are the basic cell unit of capillaries and larger vessels that vSMC help stabilize. Together, these 
cells regulate blood pressure and vessel permeability.   
  
 
 In vitro differentiation of mesoderm and vascular progenitor cells relies on canonical Wnt 
signaling [59, 60]. Dkk1, a Wnt inhibitor, prevented Flk-1 expression in differentiating mESC 
[59]. In agreement with in vivo studies, inhibiting BMP-4 induced phosphorylation of Smad 1/5/8 
prevents differentiation of vascular progenitor cells and, therefore, EC [58]. Other studies have 
determined that endothelial differentiation requires long-term activation of Erk signaling through 
the H-ras pathway, whereas short-term activation of this pathway did not result in an increase of 
endothelial colonies [40]. Researchers are still elucidating the pathways and signals regulated by 
the microenvironment surrounding stem cells within the body and recreating these conditions in 
vitro as a way to control fate.   
 Studies focusing on the extracellular matrix (ECM) and the influence exerted on 
differentiating ESC within EB or monolayers have highlighted the role of these environmental 
cues [61-64]. A study by Battista et al., cultured EB within collagen gels with different 
concentrations of fibronectin and laminin [61]. Collagen gels containing 100 ng/mL of 
fibronectin had a higher occurrence of PECAM-1+ cells as well as vessel-like structures within 
them compared to collagen and laminin gels or collagen alone. Collagen gels with laminin did 
show a preferential increase towards cardiac lineage. The same study also noted that an increase 
in collagen concentration around the EB inhibited differentiation, implicating a mechano-sensing 
receptor on the surface of the cells that prevents differentiation. Ferreira et al. utilized an EB 
model to explore the differentiation capability of dextran-based hydrogels containing the peptide 
RDG, the adhesive motif of fibronectin [62], as well as VEGF on human ESC (hESC). The study 
shows an increase in the Flk-1 mesodermal commitment and a decrease in endodermal and 
ectodermal lineages when VEGF signaling was mimicked. 
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Table 1.1.2.1: A brief review of PSC-EC differentiation methods and yields. Abbreviations: fetal 
bovine serum (FBS), stem cell factor (SCF), interleukin-3 (IL-3), erythropoietin (Epo), 
granulocyte-colony stimulating factor (G-CSF), knockout serum replacement (KSR), CHIR99021 
a Wnt inhibitor, nanoparticle (NP). 

Cell 
Source 

Differentiation 
Method 

Co-
culture 

Culture conditions 
(Stage 1; Stage2) Yield Ref. 

CCE 
mESC 

Stage 1: Monolayer 
on CIV; Stage 2: 
OP9 Feeder layer 

None, 
OP9 

10 % FBS; VEGF, 
SCF, IL-3, Epo, G-
CSF 

18%; 
45-

91% 
[55] 

CCE 
mESC 

Stage 1: Monolayer 
on CIV; Stage 2: 
OP9 Feeder layer 

None, 
OP9 

10% FBS, 50ng/mL 
VEGF 

39%; 
N/A  [56] 

H9 
hESC EB N/A 20% KSR; EGM-2  2% [65] 

D3 
mESC 

Stage 1: Monolayer 
on CIV, Stage 2 
Monolayer on CIV 

N/A 
15% FBS; 20% 
FBS, 50 ng/mL 
VEGF  

15%; 
96% [66] 

H1 and 
H9 Monolayer Hs27  BMP-4, VEGF, 

FGF-2 29% [58] 

R1 
mESC 

Monolayer on 
Fibronectin N/A 

15% KSR, 5 ng/mL 
BMP-4, 30 ng/mL 
VEGF; 2x 
Nutridoma 100 
ng/mL VEGF, 50 
ng/mL bFGF 

90%+; 
90%+ [67] 

various 
hPSC 

Monolayer on 
Matrigel; Collagen 
IV 

N/A 
CHIR99021, 60 
µg/mL Ascorbic 
acid; EGM-2 

20-
55%; 
N/A 

[60] 

H9 
hESC 

EB, aggregates with 
hydrogel N/A 

20% FBS, 50 ng/mL 
VEGF or VEGF 
loaded NP 

15-
25% [62] 

H3 
hESC 

OP9 co-culture; 
Collagen IV OP9 

10 FCS%; 10% 
FCS, 100 ng/mL 
VEGF 

24%; 
34% [68] 

D3 
mESC 

Stage 1: Monolayer 
on CIV, Stage 2: 
Monolayer on CIV 
Stage 3: Monolayer 
on Fibronectin 

N/A 10% FBS, 50ng/mL 
VEGF 

19.9%; 
36.2% [69] 
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iMZ-9, 
IMZ-21, 
J1 

Monolayer on CIV N/A 

B-27 Supplements; 
2 ng/mL BMP-4, 50 
ng/mL VEGF, 10 
ng/mL bFGF 

35-
40% [70] 

 
 Primary EC have been implemented in studying matrix affects on cell fate. Aorta-ring 
assays in Matrigel™, collagen, and fibrin enable the effect of matrix on angiogenesis to be 
observed in vitro [71]. Some studies suggests that microvascular endothelial cells (MVEC) have 
higher proliferative capacity on laminin compared to fibronectin [72]. Compared to MVEC, 
bovine aortic EC (BAEC) proliferate faster on fibronectin [72]. A conflicting study found that 
fibronectin supported a greater percentage of BAEC adhesion compared to laminin [73]. 
Confluent human umbilical venous endothelial cells (HUVEC) cultured on treated glass-FN 
substrate formed tubule-like structures when treated with 5 ng/mL of bFGF for 1 week [74].  
 
1.1.3 Pre-vascularized tissue and current limitations  
Laboratory-generated tissues can also be used as models of organ systems to study specific 
diseases and mechanisms for disease treatment, including drug screening. As stated above, some 
success has been achieved with basic structural tissues that are undergoing clinical trials [2-4]. 
These first engineered tissues are thin hollow organs that do not require a blood supply to 
maintain integrity and function. The successful incorporation of more complex engineered tissue 
will require a functional vascular network throughout the tissue prior to implantation. Few studies 
concerning smaller vessels, or the microvasculature have been successful in bench-to-bedside 
applications. These studies are discussed later, in chapters 6 and 7.  
 

1.2 SUMMARY OF GOALS 
 
 
Over a hundred thousand people are waiting for an organ donation; voluntary organ donations 
will meet less than 20% of patients [1]. Recent advances in tissue engineering have enabled 
decellularization of organs that may be recolonized with cells to make a functional tissue [5, 75]. 
However, a patient’s own cells may not be available due to disease, damage to fragile organs 
(heart and lung), or compromising the tissue donor site. Furthermore, adult progenitor cells do not 
have the proliferative capacity to generate enough cells to achieve the cell density required to 
fully recapitulate an organ. Patient-matched induced pluripotent stem cells (iPSC) may be an 
alternative source, however there is some controversy over the effectiveness of reprogramming 
and subsequent differentiation. Additionally, engineered tissues with high metabolic needs 
require a patent functional microvascular system to transport nutrients and waste.  
 ESC are an optimal cell source due to their ability to proliferate indefinitely and to 
differentiate into any cell type in the body. EC have been derived from both human and mouse 
ESC or pluripotent stem cells with or without co-culture (Table 1.1.2.1) and may have been 
reported to have up to a billion-fold proliferative capacity [76]. Previously mentioned studies [55, 
66, 68] incorporate xenogeneic fetal bovine serum (FBS) to induce survival and proliferation of 
the differentiating cells. FBS has an undefined chemical composition and suffers from batch 
variation, which impedes distinguishing how specific biochemical signals may affect 
differentiation. Other studies [67, 77] have utilized serum free culture conditions to help elucidate 
integral biochemical signaling pathways and facilitate therapeutic applications of the cells.  
  The goal of this thesis work is to understand the microenviornmental cues that govern 
endothelial differentiation from mESC. The cell culture conditions will be modified in a rigorous 
manner to determine which factors significantly affect both VPC and EC differentiation. 
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Figure 1.2.1: Microenviornmental cues act on ESC to determine fate. Soluble signaling, cell-cell 
signaling, and cell matrix signaling will be investigated to determine their affect on ESC 
differentiation of VPC and EC. 

 
  This thesis focuses on defining the optimal culture conditions for multiple mESC lines 
for 1) generating vascular progenitor cells, 2) understanding which biochemical signals influence 
EC differentiation from VPC, 3) investigating growth factor delivery on VPC generation and 4) 
incorporating ESC-EC into microfluidic devices to generate 3D vascular networks. The following 
chapter, Chapter 2, details the generation of a novel dual fluorescent embryonic stem cell line for 
studying vascular fate. Chapter 3 details the optimization of serum free culture conditions for 
producing VPC and EC from both mESC and hESC. Chapter 4 further investigates how growth 
factor delivery may affect VPC generation. Chapter 5 explores a possible optimization scheme for 
smooth muscle cell delivery. Chapter 6 incorporates a microfluidic device to generate 
vasculature. Chapter 7 provides an overview of how biomaterials support the development of 
microvasculature in vitro. The last chapter, chapter 8 concludes the dissertation and offers 
suggestions on future work.  
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CHAPTER 2:  
Specialized Mouse Embryonic Stem Cells for Studying Vascular Development 

 
 

published in 
 
 

Stem Cells and Cloning: Advances and Developments 
 

Dovepress, 2014 
 

 
ABSTRACT 

 
 
Vascular progenitor cells are desirable in a variety of therapeutic strategies, however, the lineage 
commitment of endothelial and smooth muscle cell from a common progenitor in vitro is not well 
understood. Here, we report the generation of the first dual reporter mouse embryonic stem cell 
(mESC) lines designed to facilitate the study of vascular endothelial and smooth muscle 
development in vitro. These mESC lines express green fluorescent protein (GFP) under the 
endothelial promoter, Tie-2, and Discomsoma sp. red fluorescent protein (RFP) under the 
promoter for alpha-smooth muscle actin (a-SMA). The lines were then characterized for 
morphology, marker expression, and pluripotency. The ESC colonies were found to exhibit 
dome-shaped morphology, alkaline phosphatase activity, as well as expression of Oct 3/4 and 
stage-specific embryonic antigen-1 (SSEA-1), display normal karyotypes, and are able to 
generate cells from all three germ layers, verifying pluripotency. Tissue staining confirmed the 
co-expression of VE-cadherin with the Tie-2 GFP+ expression on endothelial structures and 
smooth muscle myosin heavy chain (SM-MHC) with the α-SMA RFP+ smooth muscle cells.  
Lastly, it was verified that the developing mESC do express Tie-2 GFP+ and a-SMA RFP+ cells 
during differentiation and that the GFP+ cells co-localize with the vascular-like structures 
surrounded by a-SMA-RFP cells. These dual reporter vascular-specific mESC permit 
visualization and cell tracking of individual endothelial and smooth muscle cells over time and in 
multiple dimensions, a powerful new tool for studying vascular development in real time.   
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2.1 INTRODUCTION 
 
 
Embryonic stem cells (ESC) are pluripotent cells that boast unlimited expansion potential in vitro 
and are able to differentiate into cells from all three germ layers [78]. Because ESC are easily 
maintained and expanded in tissue culture systems, they serve as an excellent in vitro model for 
studying development and stem cell fate and as a cell source in cell transplantation therapies. 
Vascular progenitor cells are desirable in therapeutic strategies for patients exhibiting ischemic 
vascular disease [79], for coating of vascular grafts to inhibit platelet adhesion and clotting [80, 
81], as vehicles for gene therapy, as well as, various tissue engineering applications [82]. 

In the yolk sac of mammals, hematopoietic and endothelial lineage precursors 
differentiate into blood islands. The outer cells of the blood islands are endothelial, whereas the 
inner cells give rise to haematopoietic progenitors. These cells later become the primary vascular 
plexus. Within the embryo, angioblastic precursors aggregate into solid strands forming the 
ventral and dorsal aortas and vitelline arteries and veins. These vascular systems are further 
remodeled through sprouting (angiogenesis), branching, and intussusception from existing blood 
vessels and specialize as arteries, veins or capillaries (reviewed in [83]). Attempts to study 
vasculogenesis have led to the identification of a receptor for vascular endothelial growth factor 
(VEGF), called Flk-1, that is expressed on lateral plate mesodermal cells [10]. Flk-1 is well 
known as a prominent early differentiation marker for both endothelial cell (EC) and blood cells 
in the developing embryo and embryonic stem cell cultures [15, 55, 84, 85].   

The development of EC and vascular smooth muscle cells (SMC) from a common Flk-1+ 
expressing progenitor cell has been previously established [56] in a groundbreaking study. This 
work also showed that vascular endothelial growth factor (VEGF) promoted EC differentiation 
while mural cells were induced by platelet-derived growth factor-BB (PDGF-BB), and not by 
transforming growth factor-beta (TGF-b). However, despite a number of subsequent reports on 
the roles of various growth factors [56, 86, 87] and extracellular matrix components [61, 88] in 
the specification of vascular cell fate, the complete signaling and regulatory mechanisms at the 
various stages of vascular cell induction remain incomplete.    

Therefore, in order to better study vascular development in real time, we set out to 
develop a unique embryonic stem cell line that would express fluorescent proteins corresponding 
with later stage smooth muscle cell (SMC) and endothelial cell (EC) commitment. We expect that 
this cell line will allow unique real time investigations of cell fate from single vascular progenitor 
cells, as well as, morphological development of blood vessels. We chose to use alpha-smooth 
muscle actin (α-SMA) as the molecular marker for SMC and Tie-2 as the marker for endothelial 
cells. Tie-2 is tyrosine kinase cell surface receptor that is activated by angiopoeitin binding. Tie-2 
is present on both vascular EC and some hematopoietic cells [89], and plays a role in regulating 
endothelial cell survival and blood vessel maturation [45].   

The transgenic mouse expressing red fluorescent protein (RFP) under the α-SMA 
promoter was developed by Dr. David Allen Brenner [90] and kindly donated for the generation 
of the dual fluorescent line. A transgenic mouse expressing green fluorescent protein (GFP) under 
the Tie-2 promoter was generated by Motoike et al. [91] and purchased from Jackson 
Laboratories. The mice were bred and the blastocysts were isolated for the generation of the dual 
reporting vascular ESC lines. These dual reporter lines permit the visualization of individual 
endothelial and smooth muscle cells within a population while also facilitating the temporal 
tracking of individual cells during morphological development.  
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2.2 METHODS 
 
 
2.2.1 Generation of Embryos 
This study was carried out in strict accordance with the recommendations in the Guide for the 
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was 
approved by the Institutional Animal Care & Use Committee (IACUC) of the University of 
California, Merced (Animal Welfare Assurance #: A4561-01). A female mouse expressing GFP 
under Tie-2, (Tie-2 GFP; Jackson Laboratories) was mated with a male mouse expressing the 
Discomsoma sp. RFP under alpha-smooth muscle actin (a-SMA RFP; donation from Dr. David 
Brenner, UCSD) and observed for a post-coital (pc) plug the following morning (Fig. 2.2.1). The 
presence of a plug was considered day 0 of embryo development. We then treated the pregnant 
mouse in order to delay the implantation (up to 8 days pc) of the developing blastocysts using 
modified methods from previously published protocols [51, 92, 93]. On day 2 pc, the pregnant 
female mouse was given an intraperitoneal (IP) injection of 10 µg of Tamoxifen (Sigma) 
dissolved in propylene glycol and a subcutaneous injection of 3 mg of Depo-Provera (Sigma) 
dissolved in phosphate buffered solution (PBS).   
 
2.2.2 Extraction and Isolation of the ESC 
On day 7 pc, the female mouse was sacrificed by cervical dislocation. The uterine horns were 
removed and flushed with PBS and the blastocysts were collected (Fig. 2.2.1) and plated in 
separate wells of a 12-well plate on mouse embryonic fibroblasts (MEF). The cells were initially 
fed ESC Culture Medium consisting of Knockout Dulbecco’s Modified Eagle Medium (KO-
DMEM; Invitrogen) supplemented with 15% Fetal bovine serum (FBS; Invitrogen), 5% 
Knockout Serum Replacer (KSR; Invitrogen), 1x non-essential amino acids (NEAA; Invitrogen), 
1x penicillin streptomycin, 1x L-glutamine, 0.1 mM 2-mercaptoethanol (Calbiochem) and 1000 
units per 50ml of leukemia inhibitory factor (LIF; Chemicon). After the first several passages, the 
cells were cultured in serum-free medium consisting of Knockout Dulbecco’s Modified Eagle 
Medium (KO-DMEM; Invitrogen) supplemented with 15% Knockout Serum Replacer (KSR; 
Invitrogen), 1x non-essential amino acids (NEAA; Invitrogen), 1x penicillin streptomycin, 1x L-
glutamine, 0.1 mM 2-mercaptoethanol (Calbiochem) and 2000 units/ml of leukemia inhibitory 
factor (LIF; Chemicon), and 10ng/mL of bone morphogenetic protein-4 (BMP-4; R&D Systems). 
The morphology of the hatching blastocysts and the expansion of the inner cell mass (ICM) was 
observed for each day for 4 days (Fig. 2.2.1). The zona pellucida is visible during day 0 and day 
1, before the blastocyst firmly attaches to the MEF layer. After attachment at day 2, the 
trophoectoderm peeled away and the developing ICM became more prominent. After 4 days, the 
hatched blastocysts were flooded with 0.5x trypsin (Invitrogen) in order to disaggregate the ICM. 
Once the ICM loosened into non-adherent cells (approximately 5-10 minutes watching under 
microscope), the solution was neutralized with ESC Medium. The loosened ICM cells from each 
blastocyst were manually picked with an aspirator pipette system and transferred to individual 
MEF-coated plates and fed ESC Culture Medium. The developing ESC colonies were observed 
over the next 10 days with half media changes occurring approximately every 4 days. After 10 
days, the cells were maintained and expanded on MEF-coated dishes with full medium changes 
every other day. From one pregnant mouse, four lines of ESC were generated. Here we 
characterize two of the lines, named A3 and B2. 
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Figure 2.2.1:  Flow chart of methodology for establishing the new mESC lines. On day 0, the 
mice were bred together, and pregnancy was verified the following day by the presence of plug. 
At day 2, the implantation of embryo was delayed by injecting a pregnant female with 10 µg 
Tamoxifen™ and 3 mg of Depo-Provera™. After 7 days, the pregnant female was euthanized. 
The delayed blastocysts were then isolated, by flushing uterine horn, and plated on embryonic 
fibroblast feeder cells. From day 7-11 (days 0-4 after plating the blastocysts), each blastocyst 
hatched to reveal its inner cell mass (ICM). Images of the blastocysts after plating include: a 
collected blastocyst at day 0, the blastocyst attached to the supportive fibroblast feeder layer with 
zona pellucida at day 1, the trophoectoderm beginning to peel away from the blastocyst at day 2, 
and the ICM developing from day 2-4. By day 4, the ICM was developed enough to be manually 
selected from each hatching 
 
2.2.3 Karyotype Analysis 
ESC were cultured on mitotically inactivated mouse embryonic fibroblasts feeder layers and 
subsequently cultured on feeder-free gelatin (0.1%) treated tissue culture-treated dishes prior to 
be treated with 10 ul/ml Karyo-MAX colcemid (Gibco) for 60 minutes. ESC were washed with 
PBS, trypsinized, and harvested. ESC pellets were resuspended in hypotonic solution (75 mM 
KCl) for 7 minutes at 37ºC, followed by fixation with Carnoy’s solution (3 volumes of methanol: 
1 volume of acetic acid) for 30 minutes. Fixed cells were concentrated, dropped onto an angled, 
humidified microscope slide. The slide was washed with 1ml of fixation solution to clean up the 
debris, and subsequently dried. The chromosomes were stained with Hoechst dye (1:1000 
dilution) for 60 minutes at room temperature in the dark, and imaged with an Olympus 
Fluorescence Microscope. 
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2.2.4 Characterization of ESC 
The ESC-like colonies were analyzed for 3D morphology on MEF layers. Cells were also treated 
with 0.7% Triton-X100 (MP Biomedicals, LLC) to permeabilize the cells and stained with 
alkaline phosphatase (Cell Biolabs) per the manufacturer’s instructions. Images of stained cells 
were taken with an inverted phase contrast microscope. ESC-A3 (passage #12) and ESC-B2 
(passages #11) were also plated in a twelve-well dish coated with MEF at a concentration of 
10,000 cells per well. ESC were allowed to establish well defined colonies. After 4 days, the cells 
were fixed cells with 4% paraformaldahyde (PFA, Tousimis) and stained with rabbit anti-mouse 
Nanog (Cell Signaling) and Sox 2 (Abcam), biotinylated stage-specific embryonic antigen-1 
(SSEA-1) and Oct3/4 PE. The primary antibodies were allowed to incubate overnight in PBS 
with 1mg/mL BSA, 5% donkey serum,0.7% triton x-100 (except the biotinylated antibody) and 
counterstained with either donkey anti-rabbit FITC (Abcam) for Sox-2, donkey anti-rabbit Alexa-
Fluor 488 (Invitrogen) for Nanog, or streptavidin FITC (Fitzgerald) for approximately 2 hours at 
room temperature. Cells were visualized using either a Nikon TE 2000 fluorescent microscope 
(Technical Instruments) or a Laser Scanning Confocal Microscope (Technical Instruments). 
 
2.2.5 Tumor Assay for Pluripotency 
Severely immune-compromised NOD/SCID IL2 receptor gamma chain knockout (NSG) mice 
(Jackson Laboratories) were injected with 1 million ESC in 100 mL of PBS subcutaneously in the 
dorsal flanks of each mouse using a 28 gauge needle. After 30 days, the mice were euthanized by 
cervical dislocation and the teratomas were harvested and sent out for histological processing 
(IDEXX Laboratories). The prepared slides were then dehydrated in graded alcohol, de-
paraffinized using three washes of xylene, then rehydrated in graded alcohol and placed in PBS 
until imaging with a confocal microscope. After deparaffinization, the GFP and RFP were either 
directly visualized, or counterstained in 1% BSA (Sigma), 5% Donkey Serum (Fitzgerald), 
0.7%TritonX-100 (MP Biomedical) followed by a goat anti-DsRed antibody (Santa Cruz, 1:50 
dilution) followed by donkey-anti goat PE (Abcam, 1:100 dilution). DAPI was used to visualize 
the nuclei and images were taken on a Nikon TE 2000 fluorescent microscope. To verify 
endothelial and smooth muscle cell identity, goat anti-VE-cadherin (Santa Cruz, 1:100) with a 
donkey anti-goat (Santa Cruz, 1:100) or rabbit anti-smooth muscle myosin heavy chain (Abcam, 
1:50) with a donkey anti-rabbit FITC (Abcam, 1:50) was also used in conjunction with the direct 
visualization of the GFP or the counter stained RFP.  
 
2.2.6 Analysis of 3D Sprouting Vascular-like Structures 
ESC were plated in tissue culture plates to deplete the MEF population as described above, then 
re-suspended in medium consisting of: alpha-Minimal Essential Medium (α-MEM; Cellgro), 
20% fetal bovine serum (FBS), 1x penicillin streptomycin, and 50 µg/mL of vascular endothelial 
growth factor (VEGF; R&D Systems). The ESC were then allowed to aggregate into embryoid 
bodies (EB) at approximately 1,000 cells per aggregate using the hanging drop method.  After 1 
day, the ESC aggregates were rinsed into a 60mm2 ultra low adhesion plates (Corning). Between 
days 7- 8, each EB was sandwiched between Matrigel drops (400 µl total) on a glass bottom dish 
(MatTek). Imaging of EB sprouting was performed over time (days 7, 10, 14, 18, and 21) using a 
Laser Scanning Confocal microscope (Technical Instruments). 
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2.2.7 Differentiation of ESC into Mesoderm 
A3 and B2 ESC were plated at 10,000 cells/cm2 on 50 ng/mL of collagen IV-coated or 
fibronectin-coated plates (BD Biosciences) and cultured in Stage 1 Differentiation Medium, 
called NSD12b, for A3 and B2, respectively [94]. Briefly, our serum-free Stage 1 Differentiation 
Medium, pre-optimized for B2 and A3 cells included: Knockout Dulbecco’s Modified Eagle 
Medium (KO-DMEM; Invitrogen), 15% Knockout Serum Replacer (KSR; Invitrogen), 1x 
Penicillin-Streptomycin (Invitrogen), 1x Non-essential Amino Acids (Invitrogen), 2mM L-
glutamine (Invitrogen), 0.1mM 2-mercaptoethanol (Calbiochem), 5 ng/ml of bone morphogenetic 
protein-4 (BMP-4; R&D Systems) and 0 or 20ng/ml of VEGF (R&D Systems) for A3 and B2, 
respectively. At 0, 1, 2, 3, and 4 days, the cells were collected and stained for upregulation of 
mesoderm marker, Flk-1, and down-regulation of pluripotent stem cell marker, Oct3/4. Briefly, 
cells were fixed 4% PFA overnight before being placed in a solution of 1% bovine serum albumin 
(BSA; Sigma), 0.7% TritonX-100 (MP Biomedicals LLC), and 5% donkey serum (Fitzgerald) for 
1 hour prior to staining. Cells were stained with anti-Flk-1 APC conjugated antibody (Biolegend), 
or anti-Oct ¾ PE conjugated antibody (BD) overnight. Cells were rinsed and analyzed on an LSR 
II flow cytometer (BD). All results were gated to 5% of an isotype control. 
 
2.2.8 Fluorescence Tracking During Differentiation 
A3 ESC were plated at 10,000 cells/cm2 on 50 ng/mL fibronectin-coated plates (BD Biosciences) 
and cultured in Stage 1 Differentiation Medium [94].  After 3 days, the cells were replated at 
10,000 cells/cm2 on 50 ng/mL fibronectin-coated plates and cultured in Stage 2 Differentiation 
Medium containing: 70% alpha-MEM (Mediatech) and 30% DMEM (Invitrogen) plus 2Χ 
Nutridoma CS (Roche), 1Χ penicillin-streptomycin (Invitrogen), 1Χ nonessential amino acids 
(Invitrogen), 2 mM L-glutamine (Invitrogen), and 0.05mM 2-mercaptoethanol (Calbiochem), 10 
ng/mL basic Fibroblast Growth Factor (bFGF; Sigma), and 10 ng/mL VEGF (R&D Systems). On 
days 5, 7, 10, 12, and 14 of total differentiation, the differentiating cells were removed using Cell 
Dissociation Buffer (Invitrogen) for 30-60 minutes and analyzed for Tie-2 GFP or a-SMA RFP 
expression on an Aria III Flow Cytometer (BD). Data analyses were performed using FlowJo 
software (Tree Star Inc.) FITC- and PE-labeled compensation beads were used for compensation 
of potentially double positive cells. Unstained and undifferentiated A3 ESC were used as a 
negative control and gated to <5% of the negative control. Fluorescent populations of cells were 
analyzed for differences in significance using one-way ANOVA and a post-hoc Tukey HSD test 
using the R programming language. 
 

2.3 RESULTS 
 
 

2.3.1 Characterization of mESC 
Out of the original 6 blastocysts that were isolated from one pregnant mouse, 4 resulted in 
embryonic stem cell lines - greater than 50% efficiency (Fig. 2.3.1). These exhibited typical 3D 
colony-like morphology, expressed high levels of alkaline phosphatase activity (Fig. 2.3.1a-b), 
and retained normal mouse karyotype - 40 chromosomes (Fig. 2.3.1c-d). The mESC lines also 
express pluripotent stem cell markers Oct3/4 transcription factor (Fig 2.3.1e-f), SSEA-1 (Fig 
2.3.1g-h), as well as Sox-2 (Fig 2.3.1i-j) and Nanog (Fig 2.3.1k-l).    
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Figure 2.3.1:  ESC stain positive for markers consistent with undifferentiated stem cells. a, g) 
The A3 and B2 ESC lines, respectively, display typical ESC colony morphology and display high 
levels of alkaline phosphatase activity. Scale bars=100 µm. b, h) A3 and B2 ESC cell lines 
display normal karyotypes with 40 chromosomes each. c-f, i-l) A3 and B2 mESC display typical 
ESC colony morphology and markers c, i) Oct-4 (red), d, j) SSEA-1  (green), e, k) Sox-2 (green) 
, and f, l) Nanog (green), respectively.  All cells are counterstained with DAPI. Scale bars=100 
µm. 
 
 
2.3.2 Mouse ESC Generate Cells from All Three Germ Layers 
In order to verify the pluripotency of the new ESC lines, ESC were injected into the dorsal hind 
flank of NSG knockout mice to assay teratoma formation. Differentiated tissues from both A3 
and B2 mESC lines formed tissues from all three germ layers including: digestive (Fig. 2.3.2a) 
and secretory endoderm (Fig. 2.3.2d), pacinian corpuscles indicating ectodermal lineage (Fig. 
2.3.2b and e), and an abundance of skeletal (Fig. 2.3.2c) and cardiac muscle (Fig. 2.3.2f) 
mesoderm tissue.   
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Figure 2.3.2:  A3 and B2 ESC cell lines differentiate into cells from the three germ layers within 
teratomas. Tumor assays of a-c) A3-ESC exhibiting endoderm, ectoderm, and mesoderm, 
respectively. d-f) B2-ESC exhibiting endoderm, ectoderm, and mesoderm, respectively. The 
selected A3-ESC images show a) elongated columnar cells (Acinar Epithelium) with dark 
cytoplasm of the digestive organs. b) The circular structure near the bottom is dermis sensory 
tissue consistent with the onion-like Pacinian Corpuscle. c) The circular structures closely 
resemble myofibrils of skeletal muscle. The B2-ESC developed d) exocrine cells containing 
nuclei surrounded by small, cuboidal, uniformly dark stained cytoplasm. This is a defining 
characteristic of Serous Acini cells found in the secretory tissue. The B2-ESC tumors also 
developed e) Pacinian Corpuscles and f) cardiac muscle with very nice sarcomeres structures.  
 
2.3.3 Mouse ESC Fluorescent Markers Express in the Corresponding Cell Phenotype 
Within both tissues, Tie-2 GFP+ cells and α-SMA RFP+ cells were present and interacting with 
each other (Fig. 2.3.3a and b). In order to verify specificity of the reporter genes, the histology 
slides from the teratomas were stained for VE-cadherin or smooth muscle-myosin heavy chain 
(SM-MHC). Both the A3 and B2 cell lines exhibited the endothelial specific marker, VE-cadherin 
(Fig. 2.3.4a and d), co-localized with Tie-2 GFP (Fig. 2.3.4b and e). An overlay of the two 
images confirms dual expression (Fig. 2.3.4c and f). Similarly, the expression of the mature 
smooth muscle cell marker, SM-MHC, was detected (Fig. 4g and j) with α-SMA RFP expression 
(Fig. 2.3.4h and k). Merging of the images localizes expression to a strip of smooth muscle cells 
(Fig. 2.3.4i), as well as a pacinian corpuscle (Fig 2.3.4l). 
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Figure 2.3.3: A3 and B2 ESC cell lines express fluorescent proteins within teratomas. Teratomas 
also display Tie-2 GFP+ and α-SMA RFP+ cells interacting with each other. a) A3-ESC formed 
tissue resembling a lymph follicle with developing cells weakly expressing Tie-2 GFP+ 
surrounded by α-SMA RFP+ cells and strongly Tie-2 GFP+ cells that form venule-like structures. 
b) B2-ESC form layers of α-SMA RFP+ cells that appear to be similar to the dermis sensory 
tissue of a pacinian corpuscle and are infiltrated with Tie-2 GFP+ cells that are indicative of small 
blood vessels. Scale bars=100µm. 
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Figure 2.3.4: A3 and B2 ESC cell lines co-express fluorescent proteins and markers of 
mature EC and SMC within teratomas. Teratomas also display Tie-2 GFP+ and α-SMA RFP+ 
cells interacting with each other. a-f) VE-cadherin+ (red) cells form vessel-like structures and co-
localize with the Tie-2 GFP cells for A3 and B2 mESC lines. g-l) Likewise, SM-MHC+ cells 
(green) are co-expressed with the α-SMA RFP cells in both mESC lines. All cells were 
counterstained with DAPI (blue). Scale bars=100µm.   
 
2.3.4 Differentiated ESC Generate Vascular Structures 
In order to validate that the new mESC lines expressed both reporters during differentiation, EB 
were generated from both mESC lines. The A3 stem cell line expressed the Tie-2 GFP fluorescent 
reporter as early as day 7 (Fig. 2.3.5a) with interconnected networks at day 10 (Fig. 2.3.5b). This 
is consistent with embryogenesis, where Tie-2 is first detectable on day 8, with wide-spread 
expression by day 9.5 [91].  Individual α-SMA RFP+ cells were observed within sprouting EB at 
day 14 and 18 (Fig. 2.3.5c-d, respectively, and Movie S1a). In contrast, the B2 EB formed a large 
Tie-2-GFP+ networks at day 10 that were maintained through day 14. By Day 18, the structures 
appear to have been remodeled into smaller capillary-like structures with more α-SMA RFP+ 
cells surrounding the structures with some regression seen by day 21 (Fig. 2.3.5e-h and Movie 
available on line: https://www.youtube.com/watch?v=np2t8fOw6HU).   
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Figure 2.3.5: Embryoid bodies (EB) develop vascular Tie-2 GFP+ and a-SMA RFP+ cells. The 
differentiating EB of a-d) A3-ESC and e-h) B2-ESC from day 7 through 21. The Tie-2 
expression under a GFP promoter is first observed at day 7 for A3 and day 10 for B2, followed by 
α-SMA RFP cells surrounding the structures.  Note that by day 18 and 21 for A3 and B2, 
respectively, the larger vessel-like structures appear to be remodeled into smaller, more compact 
vessel structures. The subtle differences in expression patterns are most likely due to inherent 
differences between the mESC lines. Scale bars=50 µm. 
 
2.3.5 Temporal Development of Mesoderm Differentiating in Monolayer Cultures 
The differentiation of ESC into EC is performed in two distinct stages, as previously published 
[94]: ESC differentiate into Flk-1+ progenitor cells in our Stage 1 Differentiation Medium, then 
the Flk-1+ cells are re-plated in Stage 2 Differentiation Medium (Fig. A1 in Appendix A). The 
vascular progenitor cell marker, Flk-1, expression for both the A3 and B2 ESC lines was 
followed over an initial 4 days. Both cell lines expressed the greatest percentage of Flk-1+ cells at 
day 3 of induction (Fig. A2 in Appendix A). The upregulation of Flk-1+ cells also coincided with 
a corresponding decrease in Oct3/4 expression (Fig. A2 in Appendix A). Using Stage 2 
Differentiation Medium, we then examined the GFP and RFP expression of differentiating A3-
ESC over time (Fig. 2.3.6a and 2.3.6b). The expression of both of these Tie-2 GFP+ and α-SMA 
RFP+ vascular cells was first observed in monolayer cultures and then quantified by FACS 
analysis from day 5 (2 days after plating the Flk-1+ cells) through day 14 of total differentiation. 
The Tie-2 GFP+ cells were first observed at day 5, slightly earlier than the 3D EB method of 
differentiation in which the Tie-2+ vascular-like structures first emerged at day 7. The α-SMA 
RFP+ was also observed on the early mesodermal cells, peaking at day 10, the same time as the 
Tie-2 GFP+ cells.   
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Figure 2.3.6: Quantification of temporal expression of Tie-2 GFP+ and a-SMA RFP+ cells 
differentiating as monolayer cultures. The Flk-1+ cells were re-plated as monolayers and 
allowed to differentiate overtime.  The a) Tie-2 GFP+ and b) a-SMA RFP+ cells were then 
quantified as a function of time.  Note that the first observed expression is seen at day 5, slightly 
earlier than the EB differentiation methods. * p<0.05 and # p<0.01 N=> 3  
	  

2.4 CONCLUSIONS 
 
 

In these mouse ESC lines, the expression of GFP indicates EC commitment while RFP identifies 
the emerging smooth muscle cells. To our knowledge, there is not another ESC line that currently 
identifies both vascular EC and SMC. This unique system was specifically designed to allow real 
time studies of vascular stem cell fate from stem cell populations or single cells because these 
cells do not require fixation in order to track their developmental progress. The RFP expression in 
SMC, that do not express unique cell surface markers, may also provide an additional "handle" 
for fluorescence activated cell sorting  (FACS) SMC from other differentiating cell types. Our 2D 
and 3D differentiation systems both show expression of Tie-2+ and α-SMA+ cells at day 7 and 
increase up to day 18-21 of differentiation, indicating a closely related temporal development.     

It is important to also note, that these markers are excellent markers, but still not 
definitive for endothelial and vascular smooth muscle. The α-SMA is also expressed in early 
embryonic cardiac cells and Tie-2 is expressed on hematopoietic cells. Therefore, the 
differentiation and isolation of these cells was monitored in conjunction with morphology and/or 
differentiation kinetics of the system. Despite this drawback, these cells provide an improved 
model for directing vascular fate in conjunction with morphological development of the 
vasculature in a 3D system.   
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CHAPTER 3:  
Stage-specific Multifactorial Signaling for Directing Endothelial Fate from Mouse and 

Human Embryonic Stem Cells 
 
 

 ABSTRACT: 
Embryonic stem cell-derived endothelial cells (ESC-EC) facilitate angiogenesis and regeneration 
of ischemic tissue when implanted in vivo. Here we describe and report on an optimization 
process for producing high numbers of ESC-derived vascular progenitor cells (VPC) and mature 
endothelial cells (EC) for both mouse and human lines in two stages. During Stage 1, we 
examined how time, substrate, growth factor concentration, and initial cell seeding density 
affected differentiation of ESC into VPC for murine A3 and R1 ESC and human H7 and H9 ESC 
lines. Conditions producing the most VPC were then used to identify how substrate, vascular 
endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and initial seeding 
density of VPC influenced maturation of EC. Rigorous statistic analysis was employed to 
determine which factor significantly impacted differentiation of VPC and EC. VE-cadherin 

expression for induced murine and induced human VPC was also traced over time. Each line 
varied a little for the peak expression time of Flk-1+ cells, however substrate (fibronectin) and cell 
seeding density were conserved for both mouse and human (10,000 cells/cm2) during Stage 1. 
Stage 2 differentiation of EC was highly line and species dependent. Fibronectin was preferable 
as a substrate during EC differentiation for both murine lines examined. The presence of VEGF in 
the media did not affect the overall differentiation of either Stage 1 or Stage 2. VEGF had a 
significant effect on the differentiation of H9 VPC to EC on collagen IV and fibronectin at 
specific levels. The data also suggests a role for cell-cell communication provided through the 
initial cell seeding density. bFGF either promoted or prevented differentiation of EC depending 
on the cell line. Peak VE-cadherin expression of both murine and human derived ESC-EC was 
observed much later than other reports have stated and required at least three times as many days 
as the initial VPC differentiation period. Overall, we report a highly efficient method for 
producing pure ESC-EC from both murine and human ESC-lines that may be used for in vivo 
studies.  
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3.1 INTRODUCTION: 
 
 

Cell transplantation for therapeutic vasculogenesis is a promising treatment for patients with 
peripheral vascular disease and severe ischemic heart disease. In studies related to peripheral 
vascular disease, autologous endothelial progenitor cells (EPC) [95] have been shown to 
contribute to the formation of collateral arterial vessels and promote the regeneration of ischemic 
tissues [96-98]. However, researchers have encountered difficulty in obtaining sufficient numbers 
of proliferating adult EPC from aged and diseased patients for these therapies [99]. Human 
embryonic stem cells (ESC) and induced pluripotent stem (iPS) cells, with their unlimited 
capacity for self-renewal, are considered an excellent potential cell source in a variety of cell-
based therapies. Additionally, iPS cells can be customized or be patient specific eliminating the 
need for immunosuppressive adjunct therapies.  

Several research groups have successfully derived endothelial cells (ECs) from both 
mouse [56, 66, 87] and human [65, 100-105] ESC using either three-dimensional (3D) embryoid 
body (EB) cultures [65, 101, 102] or two-dimensional cultures without [100], with OP9 co-
culture [103, 104], or with mouse embryonic fibroblasts co-culture [105]. The 3D EB culture 
permits spontaneous differentiation of ESC into EC, but yields lower percentages of ECs (1-3%) 
[65, 101]. Incorporating EB into a 3D extracellular matrix (ECM) culture system can increase 
efficiency up to 10-15% [102].   

More recently, chemically-defined mediums have been used in feeder-free monolayer 
cultures for the induction of larger numbers of EC from both mouse [106] and human ESC [100], 
and allow the development of improved approaches for directed differentiation. Moreover, new 
studies highlight that both ESC and iPS cells require a step-wise approach to optimizing multiple 
variables (kinetics, signaling molecules, etc.) at various stages of commitment [107].  For 
example, it is well known that the Activin/Nodal/TGF-beta and BMP signaling pathways play an 
essential role in the establishment of the cardiovascular system. However, the stem cell 
community was surprised to find that very small changes in Activin/Nodal or BMP4 signaling 
can dramatically change the proportions of cardiac mesoderm and final cell numbers committed 
to the cardiac fate. It was determined that each ESC and iPS cell line generates its own levels of 
some signaling molecules, and that these signaling pathways might even need to be mitigated in 
order to achieve the most efficient derivation [107].    

Based on this ground-breaking study in cardiac fate, our group set out to examine the 
step-wise quantitative and multi-factorial signaling involved in directing functional endothelial 
cells for various applications in regenerative medicine. We first define the transition from Oct 
¾+/Sox-2+/Nanog+ cell phenotype into Flk-1+/KDR+ mesoderm as “Stage 1” (Fig. 3.1.1). By 
examining the quantitative combinations of putative variables that may direct Flk-1+/KDR+ 
mesoderm for various mouse and human ESC lines, we are able to identify the precise conditions 
in which the greatest number of cells committing to mesoderm for each cell line. Moreover, the 
critical variables that are consistent as well as those changing across cell lines are elucidated. The 
process is then repeated for “Stage 2”, which we define as the restriction of Flk-1+/KDR+ vascular 
progenitor cells [56] towards endothelial cell (EC). 
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Figure 3.1.1 EC Differentiation Pathway and Markers:  Cell stage markers are presented in 
the differentiation pathway from embryonic stem cells to endothelial fates. Stem cell populations 
are positive for Oct ¾ as well as other markers such as  SSEA-1, SSEA-4. Flk-1+ cells identify 
mesoderm and subsequent adult cell types are identified by calponin (smooth muscle) and VE-
cadherin+, PECAM-1+, Flk-1+ (endothelial cells).   
 

3.2 METHODS 
 
 

3.2.1 Mouse Embryonic Stem Cell Culture:  R1 and A3 murine embryonic stem cells were 
maintained on 0.5% gelatin coated plates in serum-free medium containing Knockout Dulbecco’s 
Modified Eagle Medium (KO-DMEM; Invitrogen), 15% Knockout Serum Replacer (KSR; 
Invitrogen), 1Χ penicillin-streptomycin (Invitrogen), 1Χ non-essential amino acids (Invitrogen), 
2mM L-glutamine (Invitrogen), 0.1mM 2-mercaptoethanol (Calbiochem), 2000 Units/ml of 
leukemia inhibitory factor (LIF-ESGRO; Chemicon), and 10 ng/ml of bone morphogenetic 
protein-4 (BMP-4; R&D Systems).  A3 mESC were maintained in the same media on mouse 
embryonic fibroblasts. Full media changes occurred every other day and cells were passaged 
every four to five days. 
 
3.2.2 Human Embryonic Stem Cell Culture:  H7 (WA07, WISC Bank) and H9 (WA09 WISC 
Bank) human stem cell cultures were maintained with mitomycin treated mouse embryonic 
fibroblast (MEF) feeders. These feeders were plated at 400,000 cells/ 60 mm2 dish on 0.5% 
gelatin coated plates for 1 day prior to seeding with the human stem cells. The human stem cell 
colonies were routinely passed every 7 days at a ratio of 1:3. The serum-free maintenance media 
for the human stem cells consisted of Knockout Dulbecco’s Modified Eagle Medium (KO-
DMEM; Invitrogen), 1x penicillin-streptomycin, 2nM L-glutamine (200x stock), KSR, 1x non-
essential amino acids, 0.1mM dilute beta-mercaptoethanol, and 5 ng/mL bFGF. A full media 
change was done every day. 
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3.2.3 Stage 1: Induction of Mouse Embryonic Stem Cells to Mesodermal Lineage: For 
experiments with mESC, cells were harvested from 0.5% gelatin coated dishes using 0.25% 
trypsin/2.21 mM EDTA (Mediatech) and plated in a 12-well cell culture dish (Corning or BD 
Falcon) on either 0.05 mg/mL collagen IV (BD Biosciences) or 0.050 mg/mL Fibronectin (BD 
Biosciences) coated dish. A3 and B2 cells were disassociated from the MEF layer and purified 
through a gravity separation. A3 and B2 mESC were further purified by placed in tissue culture 
treated dishes for 1-2 hours before being collected and placed in induction media. mESC were 
placed in a basal media of alpha-Minimal Essential Medium (MEM; Cellgro), 20% KSR 
(Invitrogen), 1Χ penicillin-streptomycin (Invitrogen), 1Χ nonessential amino acids (Invitrogen), 2 
mM L-glutamine (Invitrogen), 0.05mM 2-mercaptoethanol (Calbiochem), and 5 ng/mL BMP-4 
(R&D Systems) with either 0 ng/mL, 10 ng/mL, 20 ng/mL, or 30 ng/mL of VEGF (R&D 
Systems). Cells were cultured for 1, 2, 3, or 4 days to determine the optimal number of Flk-1+ 
cells (Table 3.2.1). Briefly, adherent cells were harvested using cell dissociation buffer 
(Invitrogen) and fixed in 4% paraformaldehyde (Tousimis). Experiments were done in triplicate. 
 
3.2.4 Stage 1: Investigation of Plate Size and Flk-1 Expression of Induced Mesodermal 
Mouse Embryonic Stem Cells: The R1 and A3 stem cell lines were cultured on mouse 
embryonic fibroblasts as previously described. Briefly, cells were harvested with 0.25% 
trypsin/2.21 mM EDTA (Mediatech) or 3 mM EDTA (Sigma) before being plated at either 1,000 
cells/cm2 or 10,000 cells/cm2 on a 12-well cell culture (Corning), a 35 mm2, or 100 mm2 plates 
coated with 0.050 mg/mL of fibronectin (Corning) in the appropriate Stage 1 media. At the end of 
the Stage 1 induction period (Day 2 for R1, and Day 3 for A3), cells were harvested with Cell 
Dissociated Buffer (Gibco) and fixed in 4% PFA. Cells were blocked for 30 minutes in an FC 
block media solution with 5% rat serum before being stained with Alexa-Fluor 647-conjugated 
anti-Flk-1 antibody (Biolegend) in a 1:200 solution and allowed to incubate overnight at 4°C. 
Cells were rinsed 2Χ with PBS before analysis on LSR (BD Biosciences). 
 
3.2.5 Stage 1:  Induction of Human Stem Cells towards a Mesodermal Lineage:  Human stem 
cells were lifted from their 60 mm2 culture plate by treating with 3 mL of 1x trypsin/EDTA for 3 
minutes, and physical dissociation by pipetting the trypsin up and down with a pipette. Cells were 
dissociated to small clumps of 2 to 4 cells, as identified by microscopy. Trypsin was inhibited 
with 3 mL of soybean trypsin inhibitor (Gibco). An aliquot of the cells was counted and the cells 
were then plated on pretreated tissue culture plates. Plates either previously treated with 
fibronectin (10ng/ml) or gelatin (0.5%), a minimal of 1 hour before use, were seeded with the 
human stem cells. Collagen IV and laminin were excluded due to earlier studies [106].   The cell 
seeding density was either 5k, 10k, or 20k cells/cm2. The Stage I mesoderm induction media was 
alpha-MEM (Cellgro), 20% KSR (Invitrogen), 1Χ penicillin-streptomycin (Invitrogen), 1Χ 
nonessential amino acids (Invitrogen), 2 mM L-glutamine (Invitrogen), 0.05mM 2-
mercaptoethanol (Calbiochem), and 5ng/mL BMP-4 (R&D Systems) with either 0 ng/mL, 15 
ng/mL, 30 ng/mL, or 45 ng/mL of VEGF (R&D Systems). Cells were cultured up to 14 days 
before collection, with a full media change every 3rd day (Table 3.2.1). 
 
3.2.6 Stage 2: Optimization of mESC Flk-1+ Differentiation towards the Endothelial 
Lineage:  mESC were cultured in the optimal Stage 1 condition media consisting of alpha-MEM 
(Cellgro), 20% knockout serum replacement (Invitrogen), 1Χ penicillin-streptomycin 
(Invitrogen), 1Χ nonessential amino acids (Invitrogen), 2 mM L-glutamine (Invitrogen), 0.05 mM 
2-mercaptoethanol (Calbiochem), and 5 ng/mL BMP-4 (R&D Systems), and 20 ng/mL VEGF (20 
ng/mL) for two days, while B2 and A3 mESC cell lines required 3 days. R1 and B2 mESC cell 
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lines were FACs sorted for Flk-1 using a Fluorescence Activated Cell Sorting (FACS; Aria 3 BD 
Biosciences). A3 cells did not require sorting due to the high amount of Flk-1 expression on day 
3. Cells were collected and plated in a 12-well cell culture dish (Corning or BD Falcon) on either 
0.05 mg/mL Collagen IV (BD Biosciences) or 0.050 mg/mL fibronectin (BD Biosciences) coated 
dish. Stage 2 media consisted of 70% alpha-MEM (Mediatech) and 30% DMEM (Invitrogen) 
plus 2Χ Nutridoma CS (Roche), 1Χ penicillin-streptomycin (Invitrogen), 1Χ nonessential amino 
acids (Invitrogen), 2 mM L-glutamine (Invitrogen), and 0.05 mM 2-mercaptoethanol 
(Calbiochem). Amounts of basic fibroblast growth factor (bFGF, Sigma) varied from 0ng/mL, 10 
ng/mL, 25 ng/mL, or 50 ng/mL; amounts of VEGF (R&D Systems) varied between 0ng/mL, 10 
ng/mL, 50 ng/mL, or 100 ng/mL (Table 3.2.1). Each combination of growth factors was tested for 
a period of seven days. Partial media changes occurred every other day until collection. After 7 
days, cells were harvested using cell dissociation buffer (Invitrogen) and fixed in 4% 
paraformaldehyde (PFA; Tousimis). 
 
3.2.7 Stage 2:  Optimization of hESC KDR+ Cells towards the Endothelial Lineage:  H9 
cells that underwent Stage 1 mesoderm differentiation were cultured for 12 days, and H7 cells 
were cultured for 14 days. At the end of their Stage 1 differentiation, cells were collected by 
washing them once with warm 1x PBS, and replacing the media with warmed Cell Dissociation 
Buffer (Gibco). Cells were allowed to incubate between 1 and 2 hours in the CDB in order to 
become detached from the plate and each other. Upon detachment, cells were collected and 
tagged with Biotin conjugated anti-Flk-1+ antibodies (Miltenyi). Streptavidin magnetic beads 
were then incubated with the cells, allowing magnetic beads to bind to the Flk-1+/KDR+ cells. 
Cells were filtered through magnetic columns per the protocol supplied for the MACS sorting kit, 
to obtain CD309+ cells. These cells were then plated under the test conditions for optimization of 
the Stage 2 optimization protocols (Variables: VEGF: 0, 10, 25, 50ng/ml; bFGF:0, 10, 25, 50 
ng/ml; matrices: gelatin and fibronectin; cell seeding densities: 1-, 5-, 10-, and 20,000 cells/cm2). 
Cells were collected according to data analysis showing that peak production of VECAD+ cells 
was approximately 3 times longer than Stage 1 kinetics, thus day 36 for H9 and 42 for H7 cell 
types base medium for the Stage 2 optimization consisted of Nutridoma-CS 50x (Roche), 1Χ 
penicillin-streptomycin (Invitrogen), 1Χ nonessential amino acids (Invitrogen), 2 mM L-
glutamine (Invitrogen), 0.05 mM 2-mercaptoethanol (Calbiochem), α-MEM; Cell Grow), and 
DMEM (Gibco). Concentrations of VEGF (0-50ng/ml) and bFGF (0-50ng/ml) were variable for 
the experiments. Half media changes were performed every 3 days through the duration of the 
Stage 2 culture. 
 
Table 3.2.1: Cell lines and variables that were optimized for the differentiation of an ESC into a 
vascular progenitor cell during Stage 1 and, later, into a mature endothelial cell during Stage 2.  

Cell Lines Substrate Time 
(days) 

Density (x 1,000 
cells/cm2) 

VEGF 
(ng/mL) 

bFGF 
(ng/mL) 

Stage 1 
Mouse: 

A3, B2, R1 
Human: 
H7, H9 

Collagen IV 
Fibronectin 

Gelatin 
(human only) 

0-4 
(mouse) 

0-22 
(human) 

5, 10, 20 (human) 
1, 5, 10 (mouse) 

0-30 
(mouse) 

0-45 
(human) 

N/A 

Stage 2 
Mouse: 

A3, B2, R1 
Human: 
H7, H9 

Collagen IV 
Fibronectin 

Gelatin 
(human only) 

5-14 
(mouse) 
12-48 

(human) 

5, 10, 20 
(mouse and 

human) 
 

0-100 
(mouse) 

0-50 
(human) 

0-50 (mouse 
and human) 
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3.2.8 Stage 2: VE-cadherin Analysis Stage 2 Determination of Harvesting Day (Murine and 
Human):  mESC were induced to Stage 2 and placed in the optimal media conditions containing 
10 ng/mL bFGF and 10 ng/mL VEGF (A3 cell line). Full media changes occurred every other 
day. Cells were harvested and fixed in 4% PFA on days 5, 7, 10, 12, and 14. Experiments were 
done in triplicate. Human cell lines H7 and H9 cells were induced for second stage analysis for 20 
days. At the end of 20 days, the condition that gave the most VE-cadherin+ cells was used to 
determine the time frame for maximum percentage VE-cadherin+ cells. The conditions used for 
each cell line respectively were (10 ng/mL bFGF and 10 ng/mL VEGF on fibronectin for H9 
derived cells on fibronectin; and 25 ng/mL bFGF, 20 ng/mL VEGF on fibronectin for H7). Cells 
were cultured and collected every 3 days starting at Day 21 until day 45. Cells were harvested 
with Cell Dissociation Buffer and fixed with 4% PFA. Cells were then analyzed for VE-
cadherin/calponin/Flk-1 using LSR (Becton-Dickinson). 
 
3.2.9 Flow Cytometry Analysis (Murine and Human):  Fixed cells were rinsed 2Χ with PBS 
before being placed in a solution to block non-specific binding and being permeabilized (block 
and perm solution) using 0.5% donkey serum (Fitzgerald), 1% bovine-serum albumin (Sigma), 
and 0.7% Tritron X-100 (MP Biomedicals) in PBS for 1 hour at room temperature (RT). For 
Stage 1, cells were stained with Alexa-Fluor 647-conjugated anti-Flk-1 antibody (Biolegend) in a 
1:100 solution and allowed to incubate overnight at 4°C. Cells were rinsed 2Χ with PBS before 
analysis. For Stage 2, cells collected within a 7 day time frame were fixed in 4% PFA for at least 
1 hour at RT. Cells were rinsed 2Χ with PBS before being placed in block and perm solution for 
at least 1 hour at RT. For Stage 2, cells were stained with Alexa-Fluor 647-conjugated anti-Flk-1 
antibody (Biolegend) and anti-mouse CD144 PerCP-eFluor® 710 (eBiosciences) in a 1:100 
solution and allowed to incubate overnight at 4°C. Cells were rinsed 2Χ with PBS before being 
analyzed on an LSR II flow cytometer (BD Biosciences). In order to determine when VE-
cadherin peaked, cells were fixed at various time points in 4% PFA. After all the time points had 
been collected, cells were rinsed 1Χ with PBS and placed in block and perm solution for at least 
one hour at RT. Anti-mouse CD144 PerCP-efluor710 antibody was added in a 1:200 solution and 
allowed to incubate overnight at 4°C. Cells were rinsed 1Χ with PBS before being analyzed on an 
LSR II flow cytometer (BD Biosciences). 
 
3.2.10 Quantitative Polymerase Chain Reaction Microarray: A3 ESC were plated at 1,000 
cells/cm2 and 10,000 cells/cm2 on 100 mm2 tissue culture plates coated with fibronectin (BD 
Biosciences). After 3 days, cells were lifted with Cell Dissociation Buffer and placed in TRIzol 
(Invitrogen). The concentration of RNA was determined using a Nanodrop spectrophotometer 
(Thermo Scientific). Samples were stored in the -20° until RNA was isolated. RNA was 
precipitated using the acid-guanidinium-phenol-chloroform method. RNA was resuspended in 
RNAse free dH20. One microgram of RNA was processed with the RT2 Easy First Strand Kit to 
generate cDNA according to manufacturer’s instructions (Qiagen). Quantitative polymerase chain 
reaction (PCR) was then quantified using a RT2 Profiler™ PCR Array Murine Extracellular 
Matrix & Adhesion Molecules Array (Qiagen) and RT2 SYBR® Green qPCR master mix 
(Qiagen) according to manufactures instructions. Plate was analyzed using a 7300 Real Time 
PCR system (Applied Biosystems). Data was analyzed using web-based RT2 Profiler PCR Array 
Data Analysis from Qiagen.  Purified A3 ESC were used as a control. Genes with a great of 3-
fold gene upregulation were identified. One RNA sample was analyzed per time point.  
  
3.2.11 Immunofluorescence (Murine and Human): R1 Stage 2 cells and H7 Stage 2 were 
grown to confluency and fixed with 4% paraformaldehyde (Tousimis). Cells were placed in a 
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solution comprised of 0.7% Triton X-100, 5% donkey serum (Fitzgerald), and 1% Bovine Serum 
Albumin (Sigma) to be permeabilized and block non-specific binding of the antibody. Primary 
antibodies against VE-cadherin (goat, Santa Cruz) and PECAM-1 (rabbit, Santa Cruz) as well as 
secondary TRITC ANTI-goat and FITC anti-rabbit (Santa Cruz) were used in a dilution of 1:100 
in PBS. Cells were stained for 30 minutes at room temperature for both primary and secondary 
incubation. During the secondary incubation, either Alexa-Fluor® 488 anti Phalloidin or Alexa-
Fluor-567 anti-phalloidin was used to counterstain the actin filaments. DAPI was used to stain the 
nucleus.  
 
3.2.12 Functional Assays:  
3.2.12.1 LDL Uptake Derived Stage 2 murine A3 Stage 2 cells and H7 Stage 2 Stage 2 were 
seeded at 40,000 cells/cm2 in a 24 well plate. Once confluent, about 3 days, cells were incubated 
with Alexa-Fluor 488 acetylated-LDL (Invitrogen) for 5 hours diluted 1:100 in DMEM with high 
glucose (Invitrogen). The wells were counterstained with DAPI and fixed with 4% 
paraformaldehyde.  
 
3.2.12.2 Matrigel Assay/Vasculogenesis/Angiogenesis Matrigel (BD Bioscience) was added to 
added to a couple wells of a 24-well plate in 500-µL volume and allowed to solidify for at 30-60 
minutes at room temperature. A3 Stage 2 cells and H7 Stage 2 Stage 2 were added to individual 
wells at a concentration of 40,000 cells per well. 500 uL stage and cell-specific media (LDSK 
with 10 ng/mL bFGF and 10 ng/mL VEGF for A3 Stage 2 and EGM-2 for H7 Stage 2) was added 
to each well. Cells were imaged at 24 and 48 hours.  
 
3.2.12.3 Imaging Fluorescent images were captured using a Nikon Eclipse TE2000-U 
fluorescence microscope and NIS-Elements AR 3.1 Software or a phase contrast (Fisher) using 
Micron.   
 
3.2.13 Statistical Analysis: Flk-1 data for mESC lines, KDR expression for hESC, and VE-
cadherin expression for both murine and human was analyzed using R software when possible. 
Linear regression models were estimated and a p-value of ≤ 0.05 was considered significant. 
When data displayed a non-normal distribution, a Kruskal-Wallis test was performed instead of 
linear regression analysis to determine significance for data sets. Wilcoxon tests (also known as 
Mann-Whitney U tests) were done to determine significance between conditions in a pair-wise 
manner.  
 

3.3 RESULTS: 
 
 

3.3.1 Flk-1/KDR Expression Changes Over Time. For all cells, we first determined the time in 
which they reached maximal Flk-1+/KDR+ levels (Fig. 3.3.1). An indicative data set of the 
murine A3 population (In-house derived) shows Flk-1 percentages increasing to a maximum on 
day 3 for cells seeded in a medium consisting of a concentration of 20 ng/ml VEGF, an initial 
density of 10,000 cells/cm2, and plated on a fibronectin substrate. Both substrates used for murine 
differentiation significantly affected the differentiation process (p < 0.005). Flk-1 expression was 
significantly different on day 3 (p < 0.005) and day 4 (p < 0.05) compared to day 1 for both 
substrates (Tables in appendix). R1 ESC peaked at day 2, as previously reported by our lab [106] 
(Table 5-7). The human H9 data represents the change in KDR+ cells when holding the cell 
density and VEGF concentration constant. For the H9 hESC, cells peaked in KDR expression 
after 12 days in culture, with 78% of the cells expressing KDR. One way ANOVA also revealed 
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that time significantly affected differentiation of H9 ESC overall (p < 0.05), with day 12 showing 
significance overall (data not shown).  

 
Figure 3.3.1 Flk-1/KDR Expression Over Time:  Indicative LSR data sets of all cell lines is 
shown by the murine A3 cell line (In-house derived, Fig. 3.3.1a) and the human H9 population 
(Fig. 3.3.1b). A3 mESC increase in population of Flk-1+ percentage from day 1 (10%) to a 
maximum at day 3 (58%). At day 3, the cells peak and the population percentage of Flk-1+ cells 
begins to dwindle for cells seeded at a concentration of 20 ng/mL VEGF, seeding density of 
10,000 cells/cm2, and were cultured on fibronectin. Human H9 derived cell population percentage 
peaks at Day 12 (78% KDR+) cells for Stage 1 conditions of 10,000 cells/cm2 and a concentration 
of 15 ng/mL VEGF. 
 
3.3.2 Flk-1/KDR Expression Changes with VEGF Concentration. The Flk-1+/KDR+ expression 
of both murine and human ESC undergoing differentiation to mesodermal fate is influenced by 
VEGF concentration (Figure 3.3.2). Experimental results of cells collected on day 3 for A3 show 
that peak Flk-1+ cells occur at 20 ng/mL VEGF concentration (76%). VEGF concentrations, 
above and below 20 ng/mL consistently produced lower numbers of mesoderm Flk-1+ cells. 
Human ESC, likewise were optimized for VEGF concentration. As shown for H9 inductions, 
peak KDR expression happened at a concentration of 15 ng/mL media. While VEGF 
concentration does appear to influence the expression of KDR, the effect was not statistically 
significant for either human or mouse over time (Tables in Appendix B).  
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Figure 3.3.2 Flk-1/KDR Expression with VEGF Variance: Indicative LSR data set of all cell 
lines depicts the murine A3 cell line (in-house derived Figure 3.3.2a) and the human H9 
population (Figure 3.3.2b). APC conjugated Flk-1 expression increased in population percentage 
from a VEGF concentration of 0ng/ml (54.1%) to a maximum of 20ng/ml (75.5%). The cells 
peak with 20 ng/mL VEGF concentration and the population percentage of Flk-1+ cells begins to 
dwindle for cells seeded at higher concentrations of VEGF. All concentrations of VEGF were 
collected on day 3, after seeding at a density of 10,000 cells/cm2, and cultured on a substrate of 
fibronectin. Human H9 derived cell population percentage peaks at VEGF concentrations of 
15ng/ml (30% KDR+) when collected on the same day (day 12), and seeded at the same density 
(10k cells/cm2).  
 
3.3.3 Flk-1/KDR Expression is Density Dependent. For all cells, we determined whether cell-
cell communication in the form of seeding density affected average Flk-1 expression over time 
(Figure 3.3.4). A low (1,000 cells/cm2), medium (5,000 cells/cm2), and high (10,000 cells/cm2) 
initial cell seeding density were used to investigate this effect. The Flk-1/KDR expression of 
murine and human cells was conserved at a seeding density of 10,000 cells/cm2 (Fig. 3.3.4). 
Representative cell types of both show consistent data where peak production occurs at this 
density. For the mouse kinetics, peak production of Flk-1+ cells occurred in the A3 cell line at 
day 3. Overall, a higher cell seeding density had a significant effect on Flk-1 expression 
compared to a low cell seeding density (p < 0.05). 20,000 cells/cm2 (data not shown) did not 
increase the total percentage population of Flk-1+ cells. H9 peak KDR expression occurred at day 
12 and populations initially seeded at 5,000 and 20,000 cells/cm2 failed to produce higher 
percentages of mesodermal inducted cells. 
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Figure 3.3.3	  Flk-1/KDR Expression with Density Dependence: Flow cytometry data depicts the 
influence of density on Flk-1 expression by the murine A3 cell line (A) and the human H9 
population (B). Flk-1 percentages increase with higher seeding densities, based on a density of 
1,000 cells/cm2 (12% total) to a maximum of 10,000 cells/cm2 (58% total). Both mouse and 
human differentiated Stage 1 ESC peak at a cell seeding density of 10,000 cells/cm2. High cell 
seeding densities for murine cell lines were not tested during this stage, however at seeding 
densities higher than 10,000 cells/cm2 mitigates the percentage of Flk-1+ cells. All murine initial 
cell seeding densities were collected on day 3, after seeding at 1,000, 5,000 or 10,000 cells/cm2, 
and cultured on a substrate of fibronectin with 20 ng/mL of VEGF supplemented in the media. 
Human H9 derived cell population percentage peaks at a seeding density of 10,000 cells/cm2 on 
fibronectin-coated plates and VEGF concentrations of 15 ng/ml (78% KDR+) when collected on 
the same day (day 12).	  
 
3.3.4 Maximum Flk-1/KDR Expression occurs under slightly variable conditions with each cell 
line; density is the only preserved variable across species and cell lines (Table in Appendix B). 
The only condition that varied in base matrix was the A3 murine cell line, which produced the 
highest numbers of Flk-1+ cells on collagen IV. However, this condition was not shown to be 
significantly different from fibronectin in that the percentage production was within 3 percentage 
points (66% vs. 63%, respectively for collagen IV and fibronectin). Fibronectin and 20 ng/mL of 
VEGF in the Stage 1 media were chosen as standard Stage 1 culture conditions to reduce 
variables moving forward.  
 
Table 3.3.2: Optimized conditions for each cell line and maximal Flk-1/KDR production (Stage 
1) 

Cell Line Matrix VEGF Concentration Day Density 
(cells/cm2) 

%Flk-1+ 
Cell 

R1 Fibronectin 0 ng/mL 2 10,000 67 
A3 Fibronectin 20 ng/mL 3 10,000 66 
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B2 Fibronectin 20 ng/mL 3-4 10,000 63 
H7 Fibronectin 30 ng/mL 14 10,000 66 
H9 Fibronectin 15 ng/mL 12 10,000 65 

 
3.3.5 Hypoxia Increases Flk-1 Expression of Murine ESC: In order to obtain enough cells for 
Stage 2 experiments, the plate size was increased from 12-well TC Plates to 100 mm2 plates. 
While collecting cells cultured on fibronectin, the average Flk-1+ percentages increased from an 
average of 63% to over 90% for both A3 and R1 mESC lines.  

 
 

 
Figure 3.3.4 Hypoxia Increases  Flk-1 Expression: After the optimal seeding densities of all the 
cell lines were found, the effect of plate size on Flk-1 expression was investigated. When cells 
were seeded in the same conditions on well plates or 100mm2 plates, Flk-1 expression increased. 
Cells in the 12-well received 2.6 nL of media per cell over 2-3 days (depending on the cell type), 
while cells in the 100 mm2 dish only received 1.4 nL of media during the same time frame. 
 
 
 
3.3.6 Extracellular Matrix and Cellular Adhesion Molecule Gene Expression Depends on 
Density. The difference in gene expression of cellular adhesion molecules (CAM) was analyzed 
for differences between A3 ESC, and A3 ESC differentiated into VPC for 3 days at 1,000 
cells/cm2 or 10,000 cells/cm2. Change in fold expression of 3 or less was considered insignificant, 
and genes were not considered further. N-cadherin, VE-cadherin, Notch1 and Notch 3 were found 
to be upregulated to different extents (Table 4). Other genes of interest that were upregulated 
have been implicated in forming cell-cell junctions, migration, and tumor suppressor genes. 
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Table 3.3.4: Genes upregulated in differentiated cultures compared to undifferentiated ESC 
populations for Stage 1 cells plated at either 1,000 cells/cm2 or 10,000 cells/cm2 initially and 
(greater than 3-fold change in gene expression)  
Gene 10k 1k   Gene 10k 1k 
Adherens junction 
associated protein 1 51.5 31.6   Desmoplakin 17.1 22.4 

Actinin alpha 2 5.3 4.0   Exocyst complex 
component 2 4.3 4.9 

Armadillo repeat gene 
deleted in velo-cardio-
facial syndrome 

8.2 6.8   Filamin, alpha 8.3 8.7 

Cadherin 2, N-Cadherin 6.0 4.9   Filamin, beta 7.3 8.6 

Cadherin 4, R-Cadherin 9.5 4.5   Notch gene homolog 3 
(Drosophila) 3.1 5.3 

Cadherin 5, VE-cadherin 36.2 21.6   
Purinergic receptor P2X, 
ligand-gated ion channel, 
6 

6.6 5.1 

Catenin (cadherin 
associated protein), 
alpha 1 

4.4 3.0   PERP, TP53 apoptosis 
effector 7.8 24.8 

Catenin (cadherin 
associated protein), 
alpha 3 

32.6 42.6   
Phosphoinositide-3-
kinase, catalytic, gamma 
polypeptide 

20.4 22.2 

Delta-like 1 (Drosophila) 8.0 8.2   Plakophilin 1 106.0 38.9 
Dynamin 2 2.2 8.1   Plakophilin 3 9.2 6.5 

Desmocollin 2 21.2 14.8   Poliovirus receptor-
related 2 6.5 5.2 

Desmocollin 3 44.6 31.0   Sorbin and SH3 domain 
containing 1 4.1 5.1 

Desmoglein 2 12.6 7.7   Notch gene homolog 1 
(Drosophila) 3.0 1.5 

Desmoglein 3 9.3 9.4   Notch gene homolog 4 
(Drosophila) 3.4 2.1 

Desmoglein 4 24.2 22.2   Poliovirus receptor-
related 4 1.9 4.4 

Desmoplakin 17.1 22.4   
Wiskott-Aldrich 
syndrome homolog 
(human) 

3.1 1.0 

Exocyst complex 
component 2 4.3 4.9   Zyxin 1.4 4.4 
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3.3.7 Statistical Analysis of Stage 2 Differentiation Highlights Sensitive Pathways that are 
Activated in the Different Cell Lines 
3.3.7.1 A3 Stage 2 Optimal Conditions: Data was collected from cells plated on fibronectin for 
Stage 2, only. When A3 Flk-1+ cells were plated on collagen IV, they adhered to the substrate for 
24-48 hours before lifting. No data was collected from the non-adherent, presumably dead cells. 
Raw data based on the A3 Stage 2 optimization conditions indicates that 10,000 cells/cm2 
containing 10 ng/mL bFGF and minimal VEGF (0ng/mL or 10ng/mL) have the most effective 
conditions for producing cost-effective endothelial cells with percentages of VE-cadherin positive 
cells at 43% or 53%. Loading the media with maximal amounts of growth factor (50ng/mL of 
bFGF and 100 ng/mL of VEGF) resulted in a slight increase to 59% of VE-cadherin positive 
cells. Comprehensive analysis of all the tested conditions (VEGF concentration, bFGF 
concentration, and initial cell plating density) was done using statistical analysis packages 
available in R. Based on this analysis, VEGF did not have any significant impact on 
differentiating Flk-1+ cells at different levels (Fig. 3.3.5A; Table 9). bFGF had a significant effect 
on the percentage of VE-cadherin+ cells, with 0 ng/mL and 10 ng/mL showing significance 
compared to 25 ng/mL of bFGF (p < 0.05). No bFGF or low levels (10 ng/ml) of bFGF in the 
media resulted in higher average %VE-cadherin+ cells compared to the 25 ng/mL and 50 ng/mL 
condition. The initial cell seeding density also exhibited significance on differentiation 
conditions, with a significant difference between initial seeding densities of 5,000 cells/cm2 and 
20,000 cells/cm2, with 5,000 cells/cm2 having the higher average value for VE-cadherin+ cells (p 
< 0.05). 
 
3.3.7.2 R1 Stage 2 Optimal Conditions: Data was collected from cells plated on fibronectin and 
collagen IV for an additional week of culture after optimal Stage 1 conditions. Data analysis does 
not include samples with 10ng/mL of bFGF with a fibronectin matrix due to limited numbers of 
initial cells when plating after a sort for Flk-1. Cells plated on fibronectin had a much higher 
average value of VE-cadherin+ cells. For ESC plated on fibronectin (Fig. 3.3.5B, Table in 
appendix), VEGF did not have any significant affect on the differentiation of Flk-1+ cells into 
cells expressing VE-cadherin. The amount of VE-cadherin+ cells was significantly affected by the 
amount of bFGF present within the media (p < 0.005), with higher levels of bFGF (50 ng/mL) 
being significant compared to media without any bFGF or lower levels (25 ng/mL) (p < 0.005). 
The initial cell seeding also significantly affected the overall number of VE-cadherin+ cells based 
on a logarithmic transformation of the data. Cells plated at 5,000 cells/cm2 expressed significantly 
more VE-cadherin+ cells than populations initially plated at 20,000 cells/cm2 (p < 0.005). There 
was also significance between 10,000 cells/cm2 and 20,000 cells/cm2 (p < 0.05), but not between 
5,000 cells/cm2 and 10,000 cells/cm2 (p = 0.06). For cells plated on collagen IV (Fig. 3.3.5C, 
Table in appendix), VEGF did not have any significant affect on the differentiation of Flk-1+ 
cells into cells expressing VE-cadherin. When comparing different levels of bFGF (factored 
analysis in R), the amount of bFGF present significantly affected the percent of VE-cadherin+ 
cells (p < 0.05). Wilcoxon tests revealed significance between 0 ng/mL to 10 ng/mL of bFGF (p < 
0.01) and 10 ng/mL to 25 ng/mL bFGF (p < 0.05). Initial cell seeding density affected 
differentiation of VE-cadherin+ cells significantly when the densities were considered as factored 
variables for cells plated on collagen IV. Significance between the 5,000 cells/cm2 and 10,000 
cells/cm2 conditions was also found with the 10,000 cells/cm2 condition having a higher average 
value of VE-cadherin+ cell populations than the 5,000 cell/cm2 conditions. 
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Figure 3.3.5 Stage 2 %VE-cadherin+ Cell Production for A3 and R1 Mouse ESC Lines: A) A3 
VPC differentiation into EC is affected by bFGF (p < 0.005) and initial cell seeding density (p < 
0.05), but not VEGF. Optimal conditions yield an average of 35% VE-cadherin+ cells. B) R1 
VPC differentiation into EC is affected by bFGF (p < 0.005) and initial cell seeding density (p < 
0.05), but not VEGF. Differentiation efficiency of EC is close to 80% when R1 are seeded on 
fibronectin. C) R1 seeded on collagen type IV differentiate into VE-cadherin+ cells much less 
effectively compared to fibronectin with an average of only 20% VE-cadherin+ cells. In addition, 
differentiation is not affected significantly by VEGF, bFGF or cell seeding density when seeded 
on collagen type IV. 
 
3.3.7.3 H9 Stage 2 Optimal Conditions: H9 ESC Stage 1 cells were induced on fibronectin, 
gelatin, and collagen IV. The effect of density, substrate, VEGF, and bFGF on the expression of 
VE-cadherin for differentiating H9 Stage 1 cells was examined for significance using a Kruskal 
test (Table in Appendix B). Substrate, density, and bFGF had significant affects on the expression 
of VE-cadherin across all samples. When comparing one substrate against another substrate with 
Wilcoxon tests (gelatin: fibronectin, gelatin: collagen IV, fibronectin: collagen type IV), all 
substrates were found to be significantly different in their affect on VE-cadherin expression. 
Gelatin produced the highest average amount of VE-cadherin cells, followed by fibronectin and 
collagen IV respectively. When different levels of density were tested, initial cell seeding density 
of 10,000 cells/cm2 had the highest average VE-cadherin+ cells with significance between 5,000 
cells/cm2 and 10,000 cells/cm2 using Wilxocon testing (p < 0.05). Excluding bFGF from the 
media had a significant effect on the expression of VE-cadherin on differentiating H9 Stage 1 
cells. When included in the media, bFGF appeared to prevent the expression of VE-cadherin on 
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H9 Stage 1 cells at low and medium levels. On average, media without any bFGF had the highest 
average percentage of VE-cadherin+ cells, followed by 50 ng/mL of bFGF.  

Next, density, VEGF concentration, and bFGF concentration on each substrate was 
compared at individual levels (Table in Appendix B). For fibronectin (Fig. 3.3.6A), VEGF, and 
bFGF exhibited significance at specific levels. Density exhibited significance (p < 0.05) between 
5,000 cells/cm2 and 10,000 cells/cm2. For VEGF, 0ng/mL compared to 25 ng/mL in the media 
was the only significant value (p < 0.05), with 25 ng/mL also expressing the highest average 
percentage of VE-cadherin+ cells. Excluding bFGF exhibited significance between 0 ng/mL and 
10 ng/mL (p < 0.01) as well between 10ng/mL ad 50 ng/mL (p < 0.05). Initial cell seeding 
density, VEGF and bFGF concentration exhibited significance when comparing certain 
conditions, but not at an overall level. There was a significant effect on VE-cadherin expression 
when cells were initially seeded at 10,000 cells/cm2 and 20,000 cells/cm2 (p<0.05), with 10,000 
cells/cm2 having the higher average percentage of VE-cadherin+ cells. VEGF did not significantly 
affect the percentage of VE-cadherin+ cells, when H9 Stage 1 cells were plated on gelatin (Fig. 
3.3.6B). When cells plated in media with or without bFGF, there was significance (p < 0.001 to p 
<< 0.001) when comparing every level against each other except for 25ng/mL and 50 ng/mL. 
Density did not affect the percentage of VE-cadherin+ cells, when H9 Stage 1 cells were plated on 
collagen IV (Fig. 3.3.6C). The exclusion of VEGF from the media was significant when 
compared to 10ng/mL and 25 ng/mL of media, with 25 ng/mL of VEGF in the media having the 
highest average percentage of VE-cadherin+ cells. The absence of bFGF in the media was also 
significant when compared against individual levels for 10, 25, and 50 ng/mL in the media (p < 
0.05 and p < 0.01).The absence of bFGF in the media had the highest average percentage of VE-
cadherin+ cells. bFGF was also significant as a whole when cells were plated on collagen type 
IV. 
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Figure 3.3.6 Stage 2 %VE-cadherin+ Cell Production for H9 ESC-VPC. A) Fibronectin yields an 
average of 15% VE-cadherin+ cells. Low levels of VEGF appear to induce VE-cadherin 
expression, while the presence of bFGF in the media appears to inhibit differentiation. B) Gelatin 
produces an average of 25% VE-cadherin+ cells, with low levels of bFGF influencing the 
differentiation of ESC-VPC into ESC-EC (p < 0.005). C) Collagen type IV yields only an average 
of 10% VE-cadherin+ cells. Similar trends in VEGF and bFGF signaling to the fibronectin matrix 
are also observed.  
 
3.3.7.4 H7 Stage 2 Optimal Conditions: H7 ESC Stage 1 cells were induced on collagen IV, 
fibronectin, and gelatin. Substrate and VEGF amount did not have a significant effect on the 
percentage of VE-cadherin+ cells over all the conditions tested. Density had a significant affect on 
the expression of VE-cadherin+ cells (p < 0.05, Table 11). Low to medium levels of bFGF had 
lower averages than no bFGF in the media or the highest level of bFGF (50 ng/mL). Wilcoxon 
tests comparing 0 ng/mL, 10 ng/mL, and 25 ng/mL of bFGF to 50 ng/mL of bFGF were 
determined to be significant across all stated conditions (p < 0.05).  

Next, the response of the cells under different conditions was considered for specific 
substrates (Table in Appendix B). For fibronectin (Fig. 3.3.7A), VEGF, bFGF and density did not 
have a significant effect on the percentage of VE-cadherin+ cells over the conditions tested. 
Wilcoxon tests revealed significance when comparing 10ng/mL of bFGF to 25 ng/mL of bFGF 
(p-value 3.02%), when H7s were cultured on fibronectin. When H7s were cultured on gelatin, 
(Fig. 3.3.7B) similar adherence issues were observed such that only conditions with initial cell 
seeding densities of 10,000 cells/cm2 and 20,000 cells/cm2 were analyzed for the presence of VE-
cadherin+ cells. VEGF did not affect the percentage of VE-cadherin+ cells. Levels of bFGF did 
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significantly affect the percentage of VE-cadherin+ cells overall (p-value < 0.01). Wilcoxon tests 
showed significance between 0 ng/mL and 50 ng/mL of bFGF in the media, with 50 ng/mL of 
bFGF having a higher average amount of VE-cadherin+ cells. Sample sizes on this matrix were 
limited due to a high rate of no-adherence and cell death. When cultured on collagen IV (Fig. 
3.3.7C), many of the cells did not adhere at the lower cell densities. Wilcoxon tests indicated 
significance between initial cell seeding densities of 10,000 cells/cm2 and 20,000 cells/cm2. 
Higher percentages of VE-cadherin+ cells present at initial cell seeding densities of 10,000 
cells/cm2. There was no significance for different levels of VEGF or bFGF when H7s were 
cultured on collagen IV. 

 

 
Figure 3.3.7 Stage 2 %VE-cadherin+ Cell Production for H7 ESC-VPC. A) Fibronectin yields an 
average of 10% VE-cadherin+ cells. Low levels of bFGF significantly affect the expression of 
VE-cadherin+ cells. A low cell seeding density (5,000 cells/cm2 compared to 20,000 cells/cm2), on 
average, appears to also significantly affect VE-cadherin expression. B) Gelatin produces an 
average of 11% VE-cadherin+ cells, with high levels of bFGF influencing the differentiation of 
ESC-VPC into ESC-EC (p < 0.005). H7 ESC did not adhere well to gelatin and limited sample 
sizes for statistical analysis as a result. C) Collagen type IV yields only an average of 10% VE-
cadherin+ cells. A medium cell seeding density (10,000 cells/cm2 compared to 20,000 cells/cm2), 
on average, appears to also significantly affect VE-cadherin expression.  
 
3.3.8 VE-cadherin Expression Peaks at different Days for each Cell Line under Stage 2 
Conditions. Both murine and human ESC lines were initially tested for maximal production of 
VE-cadherin+ cells under Stage 2 conditions. Representative data from human H7 and mouse A3 
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cell lines are shown (Fig. 3.3.8). Total VE-cadherin+ cells peaked in the human system at a total 
48 days (14 days in Stage 1 and 34 days in Stage 2). For the murine A3 cell line, maximum VE-
cadherin production (93%) occurred at 14 days (3 days in Stage 1 and 11 days in Stage 2).  
 
Table 3.3.8:  Optimized Stage 2 Conditions for each Cell Line for Maximal VE-caherin 
Expression  

Cell 
Line Matrix VEGF 

Concentration 
bFGF 

Concentration 
Day 

(Total) 
Density 
(cells/cm2) 

%VE-
cadherin+ 

Cell 
R1 Fibronectin 50 ng/mL 50 ng/mL 9 5,000 95% 
A3 Fibronectin 10 ng/mL 10 ng/mL 10 10,000 59% 
H7 Gelatin - 50 ng/mL 28 5,000 17% 
H9 Gelatin 10 ng/mL 50  ng/mL 26 10,000 20% 

 
 
 

 
Figure 3.3.8 Stage 2 VE-cadherin Production Over Time:  Representative data sets are shown for 
both mouse (Line A3,) and human cells (Line H7). Mouse cell line A3 produces a maximum 
population percentage of VE-cadherin+ cells at day 10 of total induction  starts at an average of 
82% before attenuating between day 7 through 10 and climbing to a maximum average 
expression of 93% on day 14 (n≤2 for all points). Murine ESC were cultured on fibronectin at a 
seeding density of 10,000 cells/cm2, with concentrations of 10 ng/mL VEGF and 10 ng/mL 
bFGF. Human cells (H7) likewise peaked with a maximum population of VE-cadherin+ cells at 
day 48. The average VE-cadherin+ population was 57% at its highest.  Human cells were cultured 
on fibronectin, seeded at a density of 10,000 cells/cm2 with concentrations of 25 ng/mL VEGF 
and 50 ng/mL bFGF. 
 
3.3.9 ESC-derived EC Express Endothelial Markers and Exhibit EC Functions. Mouse R1 
Stage 2 and H7 Stage 2 derived cells express both VE-cadherin (red, Fig. 3.3.9A and B) and 
PECAM-1 (green, Fig. 3.3.9C and D) diffusely across the cell membrane as well as colocalized 
the cell-cell junctions (Figure 3.3.9). Phalloidin can be seen highlighting the cytoskeletal 
components of the ESC-derived EC. Cells lacking the traditional cobblestone morphology of 
endothelial cells do not stain for VE-cadherin or PECAM-1. To test for functionality, acetylated 
LDL uptake as well as vasculogenesis was also tested. Mouse A3 ESC-derived EC were used to 
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determine whether our new cell line could also take up acetylated LDL  (LDL uptake in serum 
free R1 derived endothelial cells has been previously published by our lab [67]) as well as form 
vessel-like or tube-like structures within Matrigel™. A3 ESC-derived EC  were indeed able to 
uptake acetylated LDL (Fig. 3.3.9E arrows, asterisk denotes a hematopoietic-like cell expressing 
Tie-2 GFP) and form a networks after 24 hours on Matrigel™. The networks started to recede at 
48 hours, as expected based on other reports by our lab (Fig. 3.3.9G) [106, 108]. H7 Stage 2 
derived cells also took up acetylated LDL (Fig. 3.3.9F) and formed larger macro-vessel like 
structures at 24 hours (Fig. 3.3.9H). By 48 hours, the structures had largely regressed in to larger 
cell clusters as well (data not shown).  
 

 
Figure 3.3.9 mESC-EC and hESC-EC Express Markers of Maturity. Unpurified R1 mESC-EC 
and human H7 hESC-EC express VE-cadherin (red, arrows Fig. 3.3.9A and 3.3.9B) and PECAM-
1 (green, arrows Fig. 3.3.9C and 3.3.9D). Cells were counterstained with phalloidin (green, Fig. 
3.3.9A and B; red, Fig. 3.3.9C and 7D) and nuclei with DAPI (blue). Large mesenchymal-like 
cells may be seen surrounding the murine cells (green 3.3.9A; red 3.3.9C). A3 derived EC also 
took up acetylated LDL (Fig. 3.3.9E) and formed vascular-like structures in Matrigel™ (Fig. 
3.3.9G). Similarly, H7 also uptook acetylated LDL (Fig. 3.3.9F) and formed large vascular-like 
structures in Matrigel™ within 24 hours (Fig. 3.3.9H).   
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Figure 3.3.10 Summary of ESC-EC Differentiation Schematic for Mouse and Human ESC Lines 
A3 and H9. A3 and H9 ESC lines were chosen as example cell lines for the differentiation 
schematic. During Stage 1, substrate and cell seeding density are conserved for both mouse and 
human ESC lines. Differentiation of EC is influenced by small amounts of bFGF and VEGF for 
both mouse and human lines. Seeding density is also conserved, suggesting an important role for 
cell-cell communication during differentiation.  

 
3.4 DISCUSSION: 

 
 

We examined how time, substrate, growth factor concentration, and initial cell seeding density 
affect differentiation from ESC to a VPC in Stage 1, and from a VPC to an EC for both human 
(H7 and H9) and mouse (A3 and R1). For the murine ESC lines, time was found to be more 
statistically significant than the initial cell seeding density for three out of four conditions (A3 
and R1 on fibronectin, A3 on collagen type IV). Examining initial seeding density and growth 
factor concentration on each day reveals significance between the lowest (1,000 cells/cm2) and 
highest (10,000 cells/cm2) initial seeding density on the day of peak Flk-1 expression for the same 
conditions (Tables in Appendix B). The dependence on initial cell seeding density implicates the 
role of cell-cell communication and cellular adhesion molecules in the differentiation process. 
Likewise, time was also the most significant factor for differentiation in human ESC 
differentiation to KDR+ vascular progenitor cells. While a trend was observed for KDR+ cells 
peaking at a seeding density of 10,000 cells/cm2, this was not statistically significant. Plate size 
also played a role in determining the amount of Flk-1+ cells produced by both the A3 and R1 
murine cell lines. Cells receive almost half as much media in the larger plates (1.4 nL/cell) 
compared to the smaller 6-well plate (2.6 nL/cell). The reduction in the amount of media does not 
appear to affect viability, but does increase the Flk-1+ underlying an unidentified role for 
metabolism and differentiation. 
 During Stage 2, A3 Flk-1+ vascular progenitor cells did not adhere well to collagen type 
IV, potentially indicating a loss of integrins and/or adhesion molecules for collagen type IV at this 
time point. Adhesion at later time points was not examined. Cell seeding density and bFGF 
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present in the media were found to have significance on the number of VE-cadherin+ cells present 
at the time of analysis. VEGF was not found to significantly impact the number of VE-cadherin+ 
cells present at the time of analysis. Traditionally, VEGF has been viewed as the most important 
factor when differentiating ESC to EC. However, when too much VEGF is present within the 
media, cells start to express high levels of Flt-1, the decoy VEGF receptor [22, 109]. 
Interestingly, high levels of bFGF appeared to inhibit differentiation of A3 into EC while 
inducing EC fate in the R1 cell line. When plated on gelatin, a similar pattern of “low-high” 
induction of VE-cadherin expression was observed with bFGF in H9 and H7, respectively. Other 
studies have indicated that VEGF activates sustained KRas signaling for differentiation of mature 
EC [40]. Downstream targets of Ras include the MapK/ERK pathway, which is also activated 
through bFGF signaling [110, 111]. Fibronectin activates MapK signaling in 3T3 cells [112] and 
EC when both bFGF and VEGF were present in the media [113]. Data from differentiation of 
hESC-derived EC suggests that activated bFGF signaling-pathways may change depending on the 
matrix on which the cells were seeded.  
 

3.5 CONCLUSIONS: 
 
 

The generation of Flk-1+/KDR+ cells during Stage 1 differentiation of murine and human ESCs 
towards (mesoderm) is affected by kinetics, seeding density, and matrix signaling.  Examining 
peak Flk-1/KDR expression suggests that density is the most important variable in Stage 1. The 
highest percentage of Flk-1+ cells were obtained using 10,000 cells/cm2 initial seeding density.  
The kinetics of human ESC differentiation in Stage 1 require much longer periods  (12-14 days) 
to generate high numbers of EC compared with mouse ESC (2-4 days).  Stage 2 kinetics of both 
mouse and human ESC differentiation take roughly 3x longer than Stage 1 induction.  Fibronectin 
generally is the optimal substrate for murine EC derivation. For H9 ESC-EC, gelatin produces the 
most EC, however this substrate may also induce large amounts of SMC (data not shown). H7 
ESC-directed EC may be guided by bFGF and cell-cell communication. Like cardiac cell 
induction from ESC, each cell line should be optimized for the generation of high numbers of EC 
(Fig. 3.3.10).   

Chemically defined mediums combined with 2D monolayer cultures for the induction of 
larger numbers of EC from both mouse [67] and human ESC [100] allow much greater 
efficiencies. We have optimized the combinatorial effects of cell matrix, growth factors, and cell 
seeding density in order to direct our cell lines to EC fate. Our stage-specific EC derivation 
methods [65, 100-102, 104] and serum-free media formulation [56] produces highly pure 
populations of Flk-1+ cells.   

Our data suggest that cell seeding density influences the generation of Flk-1+ cells the 
most, over cytokine and matrix substrate contributions. This implicates cell-to-cell signaling. The 
mechanism of influence possibly acts through a series of cascades starting at cell adhesion 
molecule (CAM) junctions and/or through Notch signaling. Notch, a transmembrane receptor that 
mediates cell-to-cell communication has been noted widely in its role in determining cell fate 
[114]. Other proteins that are responsible in the formation of focal adhesion complexes and 
facilitate cell-to-cell signaling may also be implicated.  
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CHAPTER 4:  
Insoluble Vascular Endothelial Growth Factor and Fibronectin Signaling on Endothelial 

Fate 
 

ABSTRACT: 
 
 

The extracellular matrix (ECM) protein fibronectin supports mesodermal commitment of 
embryonic stem cells (ESC) and also contains two naturally occurring vascular endothelial 
growth factor (VEGF) bindings sites. By incorporating VEGF into fibronectin, signaling from 
insoluble VEGF may lead to an increase in of ESC into vascular progenitor cells (VPC). Here, we 
report on the mechanisms that contribute to early mesodermal commitment of VPC utilizing 
monolayer differentiation conditions. Differentiating ESC (A3 and R1 cells lines) were cultured 
on fibronectin with or without insoluble VEGF and in media supplement with or without soluble 
VEGF. After 2-3 days of initial differentiation, cells were analyzed for the VEGF receptors Flk-1 
and Flt-1 using FACS. Results indicate that VEGF remains bound to fibronectin for up to 3-days 
in culture and causes a modest increase (4-5%) in Flk-1 expression. Differentiating A3, but not 
R1, mesodermal cells also exhibited a significant (p < 0.05) increase in Flt-1 expression in 
conditions containing both soluble and insoluble VEGF, indicating that the VEGF saturation had 
been reached. Compared with soluble growth factors, incorporation of insoluble VEGF supported 
differentiation of VPC in a cost-effective manner. 
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4.1INTRODUCTION: 
 
 
ESC are most valuable for their potential as in vitro models and for therapeutic uses due to their 
unlimited proliferative capacity and ability to differentiate into any adult cell type in the body. 
These cells may be used as a source of derived endothelial cells (EC) for use in treatment of 
ischemic disease [96, 115, 116]. Differentiation of ESC to EC has been accomplished using 3D 
embryoid bodies [117, 118] and 2D monolayer methods [118, 119]. 2D differentiation protocols 
have been accomplish without [55, 120] or with the coculture of OP9 cells [68, 104] or mouse 
embryonic fibroblasts (MEF) [105]. Our lab has demonstrated the use of chemically defined 
medium to differentiate ESC to EC reproducibly, allowing greater control of the differentiation 
process and ability to adjust individual parameters to elucidate the pathways that control 
differentiation [121].  

Vascular endothelial growth factor (VEGF) is a growth factor that is important for blood 
vessel development and growth during embryogenesis. VEGF has also been shown to play an 
important role in the differentiation of embryonic stem cells (ESC) into EC [55, 85, 122]. VEGF 
is bound by receptor tyrosine kinases Flk-1 and Flt-1 that initiate a MAP kinase cascade that 
influences the differentiation of ESC towards a mesodermal cell fate [40, 123, 124]. Although 
Flt-1 has a higher affinity for VEGF compared to Flk-1, Flt-1 has little to no kinase activity [125], 
and is thought of as a VEGF-decoy to prevent aberrant signaling and regulate angiogenesis [21]. 
VEGF induces autocrine signaling of both Flk-1 [36] and Flt-1 [126].  

In addition to VEGF, studies have shown that the extracellular matrix (ECM) also 
provides cues during the differentiation process. In particular, the ECM protein fibronectin is 
known to provide microenvironmental cues that direct cells toward an endothelial cell fate [127, 
128] and contains VEGF-binding sites [129]. Acellular matrix is also known to contain insoluble 
growth factors unique to the tissue of origin [5]. Immobilized VEGF has also been used to direct 
progenitor cells towards the endothelial lineage in 2D collagen-coated strips [130] and 
angiogenesis of mature EC in collagen sponges [131]. Implementing the fibronectin binding sites 
for inductions of ESC-EC has not been well studied. Here we investigated the impact of using 
fibronectin to sequester VEGF and influence ESC differentiation into vascular progenitor cells.  
 

4.2 METHODS 
 
 
4.2.1 ESC Cell Culture: R1 and A3 murine ESCs were maintained on mouse embryonic 
fibroblast (MEF) feeder layers in a serum-free medium containing knockout Dulbecco’s modified 
Eagle’s medium (DMEM; Invitrogen), 15% knockout serum replacement (KSR; Invitrogen), 
1×penicillin–streptomycin (Invitrogen), 1×nonessential amino acids (NEAA; Invitrogen), 2 mM 
l-glutamine (Invitrogen), 0.1 mM 2-mercaptoethanol (Calbiochem), 2,000 U/mL of leukemia 
inhibitory factor (LIF-ESGRO; Chemicon), and 10 ng/mL of bone morphogenetic protein-4 
(BMP-4; R&D Systems). ESC-derived vascular progenitor cells were generated as described 
[121, 132]. 
 
4.2.2 Insoluble VEGF-Fibronectin Matrix: The fibronectin matrix that contained insoluble 
VEGF was produced by mixing 50 µg/mL of fibronectin (BD Biosciences, Corning) in PBS and 
20ng/mL of VEGF (Peprotech) The solution was allowed to incubate at 37°C in tissue culture 
well-plates overnight before immunofluorescence was performed or cell seeding to allow optimal 
binding time and protein adsorption onto the tissue culture1-treated plastic.  
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4.2.3 Stage 1 Differentiation of ESC to Vascular Progenitor Cells: ESC were differentiated 
using 3 different media formulations and matrix combinations. The first induction was performed 
using Stage 1 Medium (previously optimized and published by our laboratory called NS1D2b 
[121]). Stage 1 Medium consisted of alpha-MEM (Cellgro), 20% KSR (Invitrogen), 1×penicillin–
streptomycin (Invitrogen), 1×NEAA (Invitrogen), 2 mM l-glutamine (Invitrogen), 0.05 mM 2-
mercaptoethanol (Calbiochem), 20 ng/mL of VEGF (Peprotech) (optional), and 5 ng/mL BMP-4 
(R&D Systems). The ESC were induced towards VPC on VEGF-fibronectin blended matrix or 
regular fibronectin matrix) in  Stage 1 Media either with or without 20 ng/mL VEGF (Fig. 4.2.1). 
Murine ESCs were seeded at 10,000 cells/cm2, A3s were cultured for 3 days and R1s were 
cultured for 2 days before being collected for flow cytometry analysis. 
 

 
Figure 4.2.1: Experimental Design. Experimental schematic for testing the effect of soluble or 
insoluble VEGF on the differentiation of ESC into vascular progenitor cells. Murine ESC lines 
R1 or A3 are disassociated into single cells and passed onto fibronectin coated plates with either 
soluble VEGF, insoluble VEGF, or both forms of VEGF present in the experimental conditions.  
 
4.2.4 Immunohistochemistry: Insoluble VEGF-fibronectin blends were plated in a 12-well 
tissue culture plate (Corning, Costar®) overnight before being stained with a primary rabbit anti-
fibronectin antibody (Abcam) and a goat anti-VEGF antibody (PeproTech). Both antibodies were 
used at a concentration of 1:200 in PBS. Primary antibodies were incubated for one hour before 
being rinsed. Secondary anti-rabbit PE (Santa Cruz) and anti-goat FITC (Santa Cruz) antibodies 
were used to counter stain the primary antibody. Secondary antibodies were used at a 
concentration of 1:200 in PBS allowed to incubate for one hour before being rinsed. In addition, 
plates were stained and imaged over a 4-day period (day 0-3) to investigate the antibody binding 
affinity. A glass Pasteur pipette (Fisher) was used to scratch the surface of the plate to facilitate 
imaging. Imaging was performed on a Nikon TE2000. 
 
4.2.5 Flow Cytometry: Cells were lifted using either Cell Dissociation Buffer (Gibco®) or 3mM 
ethylenediaminetetraacetic acid (EDTA, Sigma) in PBS. Cells were fixed in 4% 
paraformaldehyde (Tousimis). Cells were blocked with 5% donkey serum and 1 mg/mL of bovine 
serum albumin (BSA, Sigma) for one hour at room temperature. Cells were then stained at room 
temperature with goat-anti Flt-1 (Santa Cruz) for one hour, rinsed, and stained with an anti-goat 
FITC (Santa Cruz) for an additional hour before being rinsed again. For Flk-1 staining, an Alexa-
Fluor 647-conjugated anti-Flk-1 antibody (Biolegend) was used for one hour at room temperature 
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before being rinsed with PBS. Isotype controls (Goat IgG, Abcam; Rat-APC Isotype, BD 
Biosciences) were used as a control. All antibodies were used at a concentration of 1:200. Cells 
were analyzed using an LSR II (BD Biosciences) and data was processed using FlowJo software. 
 
4.2.6 Statistics: An unpaired student’s t-test was used to compare expression levels between 
different conditions for each cell line. A p ≤ 0.05 value was considered significant. 
	  

4.3 RESULTS 
 
 
4.3.1 VEGF Saturation Levels in Fibronectin Matrix: The number of binding sites that were 
occupied with fibronectin was estimated using stoichiometric ratios. The calculations suggest that 
at 20 ng/mL VGF of media, only 0.1% of the possible binding sites could be occupied. 
 
4.3.2 Binding Affinity of VEGF to Fibronectin: We investigated the binding affinity and 
dissociation of insoluble VEGF-fibronectin blends with immunofluorescence imaging over time 
and an ELISA assay. When mixed directly with the fibronectin ECM component and incubated 
overnight, VEGF  has a high binding affinity to fibronectin  and can be readily visualized on day 
0 (Fig. 4.3.1a). Over time the VEGF does not appear to colocalized with fibronectin (Fig 4.3.1b-
d,). However, ELISA studies do not suggest that the VEGF is being released into solution, and is 
remaining bound to the fibronectin (data not shown). Subsequently, the VEGF appeared to 
dissociate from the fibronectin overtime and was not observed by day 3.  
 

 
Figure 4.3.1 VEGF Binding Affinity to Fibronectin. Binding affinity and dissociation of VEGF 
to fibronectin was tested over time. Plates were scratched to aid in visualization. VEGF (green) is 
seen bound to fibronectin (red). Arrows denote co-localization of  fibronectin fibers (red) with 
VEGF (green).a) VEGF is tightly bound to the fibronectin matrix on day 0. b) VEGF has begun 
to disassociate from the fibronectin by day 1. c) Very little VEGF is observed bound to the 
fibronectin at day 2. d) Almost no VEGF is associated with the fibronectin by day 3  
 
4.3.3 Excess VEGF Correlates with Increased Flt-1:  Insoluble growth factors enable direct 
contact with the cell and, therefore, its receptors. Here, we describe the effect of soluble, 
insoluble, or both soluble and insoluble VEGF on the differentiation of the murine ESC lines R1 
and A3. R1 and A3 mESC were plated in three different conditions containing soluble, insoluble, 
or both soluble and insoluble VEGF on a fibronectin matrix and allowed to differentiate for 2 or 3 
days, respectively. The time points were chosen based on optimization studies previously 
conducted by our lab (manuscript in preparation). When R1s and A3s were differentiated in the 
described conditions, the expression level of Flk-1 was not significantly altered (p > 0.05) across 
conditions (Fig. 4.3.2A). Inherent difference between R1 and A3 expression of Flk-1 were not 
examined here, but have been reported elsewhere (manuscript in preparation).   
 Even though levels of Flk-1 were not significantly altered, a trend of increasing Flk-1 
expression with increasing VEGF in the A3 cell line prompted an investigation of Flt-1 (Fig. 
4.3.2B). For the A3 mESC cell line, Flt-1 is significantly upregulated when both soluble and 



	  

46 

insoluble VEGF are present in differentiation conditions, indicating that saturation of the VEGF 
receptors has been reached. The R1 mESC cell line does not respond the same way to VEGF, and 
saturation does not appear to have been reached based on the level of Flt-1 expression. 
 

 
Figure 4.3.2. VEGF Increases Flt-1, but not Flk-1, Expression. A) The presentation of soluble 
and/or insoluble VEGF does not significantly affect the expression of Flk-1 in either the R1 or A3 
mESC cell lines. (p > 0.05) B) However, the A3 cell line upregulates Flt-1 significantly in 
response to excess VEGF, indicating VEGF-receptor saturation. The presentation of VEGF as 
either a soluble or an insoluble ligand does not cause an upregulation of Flt-1 in the R1 cell line 
signifying that saturation has not been reached, n ≤ 2 for all experiments.  
 

4.4 DISCUSSION 
 
 
In  a previously published study, the binding affinity of VEGF and fibronectin was investigated 
using spot blots, surface plasmon resonance, and immunoprecipitation [129]. Here, 
immunofluorescence and ELISA assays were used to study the dissociation of the fibronectin-
VEGF blend. The three day time points were chosen to coincide with the maximum Stage 1 
induction time period of the mESC cell lines that were used. Compared to soluble growth factors 
in media, insoluble growth factors are more efficient at pathway activation due to their location 
and ease of access within the matrix. Over the course of an induction with media containing 
soluble VEGF, the growth factor may interact and bind to a fibronectin matrix, providing some 
insoluble VEGF signaling. This was indirectly investigated under the soluble VEGF-fibronectin 
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matrix condition for differentiation. Here, insoluble VEGF interacted directly with the cell to 
induce mesodermal differentiation.  

Two different mESC lines, R1 and A3, were used to investigate how soluble or insoluble 
VEGF affects mesodermal and, furthermore, vascular progenitor cell differentiation. While the 
changes in VEGF delivery do not significantly affect Flk-1 expression in the A3 mESC line, Flt-1 
expression is highly upregulated when exposed to an excess of VEGF, abating VEGF-signaling 
pathways via Flt-1. On the other hand, the R1 mESC, did not significantly upregulate Flt-1 when 
exposed to both soluble and insoluble VEGF. In the current set of experiments, only 0.1% of the 
fibronectin-VEGF binding sites may be occupied at once. While not significant, the average 
amounts of Flk-1 and Flt-1 appeared to be inversely correlated. The insoluble VEGF condition 
had the highest amount of Flk-1 and also had the lowest amount of Flt-1 further supporting that 
VEGF-receptor saturation had not been reached. When Flk-1 levels were lowest (soluble VEGF), 
on average, the R1s exhibited the highest amount of Flt-1 expression. Differentiating R1 cells 
may be primed for VEGF sequestration before exposure in order to prevent abnormal endothelial 
development [21]. The different protein expression profiles between the R1 and A3 cell lines are 
most likely due to the individual specifications of cell machinery in each cell line. 
 

4.5 CONCLUSION 
 
 
Here we investigated whether fibronectin could be used to sequester VEGF and guide ESC 
differentiation into vascular progenitor cells. VEGF initially binds to fibronectin and is gradually 
released over time. When exposed to insoluble VEGF, Flk-1 expression was not significantly 
altered, however Flt-1 expression was elevated. By taking advantage of the natural binding 
affinity between VEGF and fibronectin, we show that VEGF may be used as an insoluble 
molecule in the matrix to guide differentiation of vascular progenitor cells in a more cost 
effective manner. Implementing insoluble growth factors into matrix blends may enable a more 
efficient differentiation of endothelial cells from stem cell sources. 
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CHAPTER 5. 
Combinatorial Effects of Matrix and Growth Factor Signaling for the Derivation of 

Vascular Smooth Muscle Cells from an Embryonic Stem Cell Source 
 

ABSTRACT 
 
 
Embryonic stem cells (ESC)-derived vascular smooth muscle cells (vSMC) provide a cell source 
for regenerative therapies and development studies. However, differentiation techniques vary 
based on cell type and lab protocols. Here, we investigated the effect of matrix and growth factor 
concentration on vSMC differentiation with a two-step monolayer technique based on expression 
of the protein calponin. Vascular progenitor cells (VPCs) differentiated from either A3 or R1 
ESC were cultured on a combination of substrates (gelatin or laminin blended with fibronectin) 
before a fibronectin-laminin blend was selected. Cells were grown on this fibronectin-laminin 
blend and exposed to varying concentrations of growth factors for 10-11 days. While exposed to 
these conditions, the A3 cell line expressed red fluorescent protein under the α-smooth muscle 
actin promoter. Immunohistochemistry was also performed to assess calponin and platelet 
endothelial cell adhesion molecule-1 expression under differentiation conditions. A3-derived 
VPC did not adhere well to gelatin-fibronectin blends, while a 30:20 or 20:30 blend of laminin 
appeared to promote adhesion and expression of endogenous fluorescent proteins in the A3 cell 
line. The inclusion of TGF-β1 did appear to influence more smooth muscle cell differentiation (as 
assessed by calponin expression), however this result was not significant for either cell line 
tested.  
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5.1 INTRODUCTION 
 
 
Vascular smooth muscle cells (vSMC) play an important role for maintaining homeostasis within 
the blood vessel due to their close interaction with the endothelial cells (EC) that make up the 
inner-most layer of the vessel wall. EC control vasontension through the release of NO- and Ca2+ 
[133, 134].  Disruption of communication between the two cell types has been implicated in a 
host of diseases including cancer [135], cardiovascular disease [136], and pulmonary arterial 
hypertension [137]. Effective treatments and cures for these diseases still elude the medical 
community.  

Embryonic stem cells (ESC) are an alternative model to early embryonic development. 
While embryoid bodies are the most common development model that employ ESC, monolayer 
cultures are also offering new insights to development in controllable ex vivo environments [107]. 
ESC are also useful for their limitless proliferative potential and ability to differentiate into any 
cell type in the body, including vascular endothelial and smooth muscle cell types.  

Several different factors have been shown to induce vascular smooth muscle cell 
differentiation from embryonic stem cells including transforming growth factor-beta 1 (TGFβ1), 
platelet derived growth factor-beta beta (PDGF-ββ), and intracellularly cleaved retinol to form 
retinoic acid. PDGF-ββ has been shown to induce vSMC migration towards an EC source [138], 
as well as influence differentiation of ESC towards a SMC fate [56]. ESC differentiating towards 
a mature endothelial cell type have been shown to differentiate into a SMC-like cell type after 
exposure to 50 ng/mL PDGF-ββ [139]. Combinations of PDGF-ββ and TGF-β1 have also been 
shown to cause ESC to SMC differentiation in human ESC [140]. The differentiation of ESC-
SMC with PDGF-ββ and TGF-β1 follows a two-step differentiation process that is similar to 
ESC-EC differentiation and requires ESC to differentiate into a mesodermal precursor expressing 
Flk-1 (mouse) or CD34 (human) markers [66, 140, 141]. Differentiations with retinoic acid are 
done in one step. 

In addition, the PDGF-ββ, TGF-β1, and retinol activate similar transcription factors and 
pathways. Specific protein-1 (Sp1) is induced by PDGF-ββ and binds to a promoter region within 
the HDAC7 gene as well as inducing expression of  Klf4, which induces genes required for SMC 
differentiation [142],[143, 144]. Similarly, TGFβ-1 utilizes Klf4 to induce expression of SMC-
specific genes, Sm22α and SMα-actin [144]. Retinoic acid forms a positive-feedback loop with 
the Klf4 promoter and also activates Sm22α and SMα-actin[145]. 

SMC differentiation, from a vascular progenitor cell, is aided by culturing cells on 
collagen IV [76]. Gelatin has also been used to successfully culture differentiating hESC-SMC 
[146]. Human mesenchymal stem cells upregulate α-SMA when cultured on laminin compared to 
fibronectin [147]. 

Here we investigate combinatorial signaling of growth factor and matrix on smooth 
muscle cell differentiation. ESC were first differentiated in monolayer to a vascular progenitor 
cell before being placed in SMC differentiation conditions (Fig. 5.1.1). The combinatorial effects 
of TGF-β1 and PDGF-ββ at different concentrations on differentiating vascular progenitor cells 
have yet to be examined within an in vitro environment. In addition, our novel cell line enables 
the observation of the differentiation of smooth muscle cells from a VPC population in real time 
[148]. In this paper, we explore the different effects matrix, cell density, and growth factors elicit 
within differentiating ESC towards a vSMC fate.  
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Figure 5.1.1: ESC differentiate into VPC which can then be purified into functional EC or 
vSMC. In this chapter, the process of SMC differentiation from VPC will be investigated in 
depth. 
 

5.2 METHODS 
 
 
5.2.1 Generation of ESC: A3 mESC were generated as previously described [148]. Briefly, a 
female mouse expressing GFP under Tie-2, (Tie-2 GFP; Jackson Laboratories) was mated with a 
male mouse expressing the Discomsoma sp. RFP under alpha-smooth muscle actin (α-SMA RFP; 
donation from Dr. David Brenner, UCSD) and observed for a post-coital (pc) plug in the 
following morning.  The presence of a plug was considered day 0 of embryo development. We 
then treated the pregnant mouse in order to delay the implantation (up to 8 days pc) of the 
developing blastocysts using modified methods from previously published protocols [51, 92, 93]. 
On day 2 pc, the pregnant female mouse was given an intraperitoneal (IP) injection of 1 µg of 
Tamoxifen (Sigma) dissolved in propylene glycol and a subcutaneous injection of 3 mg of Depo 
Provera (Sigma) dissolved in phosphate buffered solution (PBS).  
 
5.2.2 mESC Cell Culture: A3 and R1 mESC were maintained on mitomycin C inactivated 
mouse embryonic fibroblasts. We used serum free mESC media consisting of Knockout 
Dulbecco’s Modified Eagle Medium (KO-DMEM; Invitrogen), 15% Knockout Serum 
Replacement (KSR; Invitrogen), 1x penicillin-streptomycin (Invitrogen), 1x non-essential amino 
acids (Invitrogen), 2mM L-glutamine (Invitrogen), 0.1mM 2-mercaptoethanol (Calbiochem), 
2000 Units/ml of leukemia inhibitory factor (LIF-ESGRO; Chemicon), and 10 ng/ml of bone 
morphogenetic protein-4 (BMP-4; R&D Systems). Cells received a full media change on the 
second day, followed by a partial media change on the third. Cells were passaged on the fourth 
day.  
 
5.2.3 Generation of Mesodermal Population: A3 and R1 mESC were lifted from plates using 
0.25% Trypsin/221 mM EDTA (Mediatech). mESC were separated from the MEF layer via 
gravity separation before being plated onto 0.050 mg/mL fibronectin coated plates (BD 
Biosciences) at a density of 10,000 cells/cm2 in Stage 1 differentiation media consisting of  
Alpha-MEM (Cellgro), 20% Knockout Serum Replacement (Invitrogen), 1x non-essential amino 
acids (Invitrogen), 1x penicillin streptomycin (Invitrogen), 2 mM L-glutamine (Invitrogen), 0.1 
mM 2-mercaptoethanol (Calbiochem), 20 ng/mL VEGF (PeproTech), and 5ng/mL bone 
morphogenic protein-4 (BMP4) (PeproTech). After 2 to 3 days, differentiated R1 and A3 cells, 
respectively contained greater than 90% Flk-1+ population and required no sorting.  
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5.2.4 Generation of Smooth Muscle Cells 
5.2.4.1 Role of Matrix Signaling: A3 end Stage 1 cells were initially plated on 12-well cell 
culture plates (BD Biosciences or Corning) coated with 0.5% gelatin with wells containing 
populations of 5-, 10-, or 20,000 cells/cm2. Stage 2 basal media consisted of 70%  Alpha-MEM 
(Mediatech) and 30% DMEM (Invitrogen), 2x Nutridoma CS (Roche), 1x non-essential amino 
acids (Invitrogen), 2 mM L-glutamine (Invitrogen), 1x penicillin-streptomycin (Invitrogen), and 
0.1 mM 2-mercaptoethanol (Calbiochem). Growth factors were kept constant across rows and 
ranged from 0-50 ng/mL of PDGF-ββ (Invitrogen), 0-10 ng/mL TGF-β1 (PeproTech), and 0-20 
µM retinol (Sigma). Only one growth factor at a time was tested for this experiment (Fig. 5.2.1A)  

The experiment was repeated using the Stage 2 basal media with 2.5 ng/mL of TGF-β1 
and 5 ng/mL of PDGFββ. A3 cells (10,000 cells/cm2) were again plated in a twelve well plate 
containing 0.05 mg/mL fibronectin (BD Biosciences), 0.05 mg/mL laminin (BD Biosciences), or 
a combination of both ECM proteins adding up to 0.05 mg/mL at 0.01 mg/mL intervals. 
Additional wells contained 0.5% gelatin with fibronectin concentration ranging from 0.01mg/mL 
up to 0.05 mg/mL in 0.01 mg/mL intervals was also examined to determine cell adhesion (Fig. 
5.2.1B). Cells were cultured for an additional 8 days (11 days total differentiation) with media 
changes occurring every other day and imaged with fluorescence over time. 

 

 
 
Figure 5.2.1: Growth Factor and Substrate Optimization Method. A) The initial experimental 
design utilized different seeding densities and growth factors on a laminin matrix. B) Both 
laminin and gelatin were tested for cell adherence at 10,000 cells/cm2 and Stage 2 media 
containing 2.5 ng/mL of TGF-β1 and 5 ng/mL of PDGFββ. Due to overcrowding, cell seeding 
density was optimized over time. C) The final optimization schema incorporated a blend of 25 
ng/mL of laminin and fibronectin each and a cell seeding density of 5,000 cells/cm2. Cells were 
exposed to different combinations of TGF-β1 and PDGFββ as well different levels of retinol. 
Optimal Stage 2 media (chapter 3) was used to test the influence of substrate.  
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5.2.4.2 A3 Cell Density Testing: A3 end Stage 1 cells were plated at a density of 1,000 or 5,000 
cells/cm2 on a blend of 0.025 mg/mL of fibronectin (BD Biosciences) and 0.025 mg/mL laminin 
(BD Biosciences) in a 12-well plate (BD Falcon). Cells were cultured with basal Stage 2 medium 
supplemented with 10 µM retinol for an additional 11 days (Fig. 5.2.1). Cells were imaged in 
PBS with Ca2+/Mg2+ to observe expression of Tie-2 GFP or αSMA-RFP fluorescent cells with a 
Nikon TE200 every other day before media changes occurred. 
 
5.2.4.3 A3 and R1 Growth Factor Testing: A3 end Stage 1 cells were plated at a density of 10,000 
cells/cm2 on a blend of 0.025 mg/mL of fibronectin (BD Biosciences) and 0.025 mg/mL laminin 
(BD Biosciences) in a 12-well plate (BD Falcon). Media consisted of a Stage 2 basal media 
supplemented with a combination of 0 to 50 ng/mL PDGF-ββ (Invitrogen) and 0-10 ng/mL TGF-
β1 (PeproTech). A separate set of well with Stage 2 media was supplemented with 0-20 µM 
retinol. In addition, Stage 2 media for endothelial differentiation was used to assess the influence 
of substrate on differentiating cells (Fig 5.2.1C). R1 end Stage 1 cells were plated at a density of 
5,000 cells/cm2 under the same conditions. Cells were cultured for 10 additional days with media 
changes occurring every other day. 
 
5.2.5 Flow Cytometry and Analysis: Following growth factor testing, both A3 and R1 cells 
were lifted from plates using 0.125% trypsin/221 mM EDTA (Mediatech). Cells were fixed using 
freshly prepared 4% paraformaldehyde (PFA, Tousimis) for 30 minutes at room temperature 
(RT). Cells were rinsed with PBS and then placed in a solution of 5% donkey serum and 1 
mg/mL bovine serum albumin (BSA, Sigma) in PBS for an additional 30 minutes at RT. Goat 
anti-calponin primary antibody (Santa Cruz) was added to the sample tubes at a 1:200 dilution. 
Tubes were placed in the fridge overnight. Cells were then rinsed with 3mL of PBS. Cells were 
stained with anti-goat FITC secondary antibody (Santa Cruz) in a 1:200 dilution for two hours at 
room temperature. Cells were then rinsed again with PBS and analyzed on an LSR II Flow 
Cytometer (BD Biosciences). An isotype control was used to distinguish non-specific binding 
from the actual stain. Data was analyzed using FlowJo and stains were based on a 5% background 
gate determined by the isotype control.  
 
5.2.6 Immunofluorescence: End-stage R1 cells exposed to the array of growth factor 
combinations for SMC optimization were fixed in 4% PFA (Tousimis) overnight. Cells were 
rinsed with PBS and permeabilized with 0.07% Triton X-100 (MP Biomedical) and blocked with 
5% donkey serum and 1mg/mL BSA. Donkey anti-calponin primary antibody (Santa Cruz) was 
added in a 1:100 manner to each well in a total of 300 µL. After one hour, cells were rinsed with 
PBS and blocking solution of 1mg/ml BSA and 5% donkey serum was added to each well. Anti-
donkey Secondary FITC (Santa Cruz) was added in a 1:100 manner to each well in a total of 200 
µL. Cells were rinsed with PBS and donkey anti-PECAM-1 (Santa Cruz) was added in a 1:100 
manner to each well in a total 300 µL. After one hour, cells were rinsed and 300 µL of blocking 
solution was added to each well. Anti-donkey Secondary PE (Santa Cruz) was added in a 1:100 
manner to each well in a total of 200 µL. 1. 5uL of 5mg/mL DAPI was also added to each well at 
this stage. After one hour, cells were rinsed with PBS. Cells were imaged on a Nikon-TE 2000. 
 
5.2.7 Statistics: An unpaired two-tailed Student’s t-test was used to determine significance. A p-
value of ≤ 0.05 was considered significant. 
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5.3 RESULTS 
 
 
5.3.1 A3 Cells Adhere to Fibronectin-Laminin and Fibronectin-Gelatin Blends: A3 mESC 
adhere to collagen IV; upon Stage 1 differentiation, these cells no longer adhere to collagen IV or 
laminin (data not shown). To overcome this, substrate blends of laminin and fibronectin as well 
as gelatin and fibronectin were examined. While adherence was observed for every condition 
with laminin and fibronectin, A3 Stage 1 cells appeared to proliferate and adhere the best to the 
20:30 or 30:20 blends of laminin and fibronectin (Table 5.3.1). There also appeared to be optimal 
expression of fluorescent reporters using these two conditions. While cells initially adhered to the 
0.5% gelatin-fibronectin blends, after 2 days, cells began to lift and form EB-like structures. The 
degree of lifting decreased as concentration of fibronectin increased. It should be noted that cells 
were plated at 10,000 cells/cm2 and proliferated extremely quickly. Overcrowding was observed 
in the laminin-fibronectin wells by the end of the observation period. 
 
Table 5.3.1: Adherence of A3 Stage 1 cells to substrate blends of laminin to fibronectin (up to 50 
µg/mL) and 0.5% gelatin and increasing amounts of fibronectin was examined. Cells adhered to 
the laminin:fibronectin blends and proliferated the best on the 20:30 µg/mL and 30:20 µg/mL. 
Cells adhesion was inhibited on 0.5% gelatin matrix blends with adhesion increasing as the 
amount of fibronectin in the blend increased.  
 

Laminin:Fibronectin (µg/mL) Adherence 

10:40 Yes 

20:30 Yes 

30:20 Yes 

40:10 Yes 

50:0 Yes 

0.5% Gelatin with Increasing 
Fibronectin (µg/mL) Adherence 

10 Cells lifted, patches 

20 Cells lifted, patches 

30 Some Lifting 

40 Some Lifting 

50 Less Lifting 
 
 
5.3.2 Cell Density Affects Expression of Fluorescent Reporters: Overcrowding was observed 
over the course of the previous experiment and thought to prevent proper differentiation of cells 
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in monolayer. In order to prevent overcrowding, the initial cell seeding density of A3 Stage 2 
cells was tested at 1,000 or 5,000 cells/cm2 for an addition 10 days of differentiation (13 days 
total differentiation). Cells were observed for expression of endogenous Tie-2 GFP or α-SMA 
RFP fluorescence every other day. After 4 days in Stage 2 medium, a small portion of the cells 
became α-SMA RFP+ (Fig. 5.3.1a). The number of fluorescent cells seemed to peak at day 6 (Fig 
5.3.1b). α-SMA RFP+ were still visible up to day 10 in Stage 2 conditions (day 13 of total 
differentiation; Fig 5.3.1c and 5.3.1d)  
 

 
Figure 5.3.1: A3 Stage 2 SMC cells express αSMA-RFP over time when seeded at 5,000 
cells/cm2. a) Day 4. b) Day 6. c) Day 8. d) Day 10. All days are for Stage 2 of differentiation. 
Scale bars: 100 µm. 
 
5.3.3 TGF-β1 Directs SMC Fate:  A3 and R1 Stage 2 cells were allowed to differentiate over an 
addition 10 days (12-13 days total differentiation for R1 and A3 respectively) in varying 
concentrations of TGF-β1 (0-10 ng/mL) and PDGF-ββ (0-50 ng/mL). Cells were then analyzed 
for expression of calponin. The low sample number (2 ≤ n ≤ 4) and non-parametric distribution of 
results prevented rigorous statistical analysis. However, TGF-β1 appeared to influence a higher 
percentage of calponin+ cells (Fig 5.3.2a, b). Un-paired two-tailed t-tests did not show 
significance at any level for A3 Stage 2 cells or R1 Stage 2 cells. Inclusion of a small amount of 
PDGF-ββ had the opposite effect on the cells. Expression of calponin peaked before falling for 
the A3 cell line, while the R1 exhibited the lowest average expression of calponin and then rose 
before leveling off (Fig 5.3.2c, d). Calponin is promoted with low levels of TGF-β1 for both cell 
lines that were tested and inclusion of PDGF-ββ was only beneficial for increased expression 
with the A3 cells. Due to low cellular retention, immunohistochemistry was used to evaluate R1 
Stage 2 cells for calponin (green) or PECAM-1 (red, Fig. 5.3.3).  
 
5.3.4 Retinol Concentration does not Influence SMC Fate: The A3 cell line had a similar 
percentage of calponin expression (85% average) when retinol was included in the media instead 
TGF-β1 and/or PDGF-ββ, indicating little to no effect on differentiation. The R1 cell line 
expressed much lower percentages of calponin+ cells when treated with varying levels of retinol 
(27% versus 60%).  
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Figure 5.3.2: A3 and R1 ESC Differentiate into SMC. a) A3 cells express the highest average 
percent-positive calponin cells when exposed to 2.5 ng/mL of TGF-β1 and b) 10 ng/mL of 
PDGF-ββ. c) R1 cell also express the highest average percent-positive calponin cells when 
exposed to 2.5 ng/mL of TGF-β1, but d) require no PDGF-ββ. None of the conditions were the 
statistically significant. 

 
 
 

 
 
Figure 5.3.3: R1 Stage 2 cells express calponin. R1 Stage 2 mESC cells were grown in different 
conditions for an addition 10 days after Stage 1, for a total of 12 days of differentiation and 
stained for calponin (green) and PECAM-1 (red). Nuclei were counterstained with DAPI. A) 
Cells exposed to 2.5 ng/mL of TGF-β1 and 0 ng/mL PDGF-ββ express the highest average levels 
of calponin according to FACS analysis. Cells express calponin and appear to be clustered in the 
shape a ring. B) Cells exposed to 10 ng/mL of TGF-β1 and 10 ng/mL PDGF-ββ stain strongly for 
calponin and exhibit elongated morphology. This condition had the lowest average expression of 
calponin+ cells. Scale bar is 100 µm. 
 

5.4 DISCUSSION 
 
 
In this chapter, the ability to guide smooth muscle cell fate using a mix of matrix and growth 
factors was examined rigorously. During the initial optimization experiments, cells adhered to the 
substrate and were able to proliferate. For unknown reasons during subsequent experiments, the 
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cells became non-adherent and suffered from high rates of apoptosis, resulting in failed runs and 
limiting data collection. Quantitative data collected from FACS indicates that including a small 
amount of TGF-β1 and PDGF-ββ may be beneficial for inducing smooth muscle cell fate from 
the A3 cell line. This data was not statistically significant and may be considered as preliminary 
data due to the small sample size. Successful trials in the future may resolve these results as 
significant.  Similarly, a small amount of TGF-β1 may influence the R1 cell line towards SMC 
fate decisions. Overall, the differentiating A3 cells expressed significantly more calponin+ cells 
than the differentiating R1 cells (p<<0.001).  

In previous chapters, the R1 cell line exhibited a high capacity for EC differentiation, 
while the A3 had a lower propensity for EC differentiation. These differences in differentiation 
potentials are most likely endogenous to the individuality of the cell lines, but may also indicate 
that the A3 cell line is better suited for SMC differentiation than EC and vice versa for the R1 cell 
line. In order to provide a controlled comparison of the A3 and R1 cell lines, the same substrate 
blend was used for both cell lines. A laminin-only or gelatin-only substrate was not tested for 
differentiating R1s. Smooth muscle differentiation of R1 ESC has been performed using an 
embryoid body method and 10nmol/L of all trans retinoic acid [149].  Suggested future 
experiments may want to investigate how these substrates affect differentiation of the R1 cell line 
with 2.5 ng/mL of TGF-β1. In addition, one-step monolayer cultures with retinol may be more 
efficient for vSMC differentiation rather than the two-step induction method utilized in the 
described experiments.  
 
 

5.6 CONCLUSION  
 
 
We vigorously examined different growth factor conditions, matrices, and cell densities necessary 
for efficient differentiation of vSMC from ESC. The data provided here is considered to be 
preliminary data due to issues with cell death and data collection (n=1 for reported data). While 
inclusion of TGF-β1 in the media appears to influence ESC to vSMC fate, this data is 
inconclusive. Future studies may include varying the differentiation conditions and including 
functional studies such as contraction response to due to carbochol or stimulating differentiating 
cells with mechanical stretch to obtain robust results.  
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CHAPTER 6: 
Generation of Vascular-like Structures within Microfluidic Devices 

 
ABSTRACT 

 
 

Functional vascular networks are required for meeting the oxygen and nutrient needs of 
metabolically active tissues within the human body. These networks are integral for the 
application of engineered tissues within a clinical setting. Human umbilical vein endothelial cells 
(HUVEC) embryonic stem cell derived endothelial cells (ESC-EC) were plated on the side or 
within a hydrogel region of a microfluidic device to simulate angiogenesis and vasculogenesis, 
respectively. HUVEC were observed migrating through the gels to form a microvascular-like 
structure. ESC-EC formed robust vascular like networks within 20 hours that had regressed by 50 
hours of culture. Perfusion of cell networks was not assayed, but it is expected that patent lumen 
formations spanning the entire length of the inner channel may require the addition of a satellite 
cell type such as a fibroblast or mesenchymal stem cell. 
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6.1 INTRODUCTION 
 
 

Successful clinical application of engineered tissues consist primarily of large, thin-walled, 
hollow, and avascular organs [2-4]. Metabolically active tissues such as cardiac, musculo-
skeletal, and renal tissues require a functional vascular network to ensure viability and proper 
functionality. Vascular networks are required to overcome a maximum oxygen diffusion limit of 
500 µm [150] for thick tissues. Furthermore, development of stable perfusable networks benefits 
disease modeling and drug development. Several different labs have generated different platforms 
for developing microvascular networks (summarized in Table 7.1.2.1). Here, we report on our 
progress to implement two separate platforms in the generation of vascular networks from human 
umbilical vein endothelial cells (HUVEC). This work will be adapted for use with embryonic 
stem cell derived endothelial cells (ESC-EC) in the future.  
 

6.2 METHODS 
 
 
6.2.1 Cell Culture:  
6.2.1.1 HUVEC: HUVECs were cultured on 0.5% gelatin in EGM-2 media (Lonza). Cells 
received a full media change every 24-48 hours depending on confluence. Cells were passaged 
using 0.25% Trypsin (Corning ). 6-12x106 cells/mL were loaded in the devices for either 
angiogenic or Vasculogenic studies. For cellularized gels, media was replenished every 24 hours.  
 
6.2.1.2 D3 mESC: D3 mESC were maintained for one week on mitomycin C-treated mouse 
embryonic fibroblasts in stem cell medium. Media consists of Knockout Dulbeco’s modified 
eagle medium (KO-DMEM; Gibco), 15% fetal bovine serum (FBS; Gibco), 5% Knockout Serum 
Replacement (KSR; Gibco) 1x penicillin streptomycin (Gibco), and 0.2 mM L-glutamine (Gibco) 
with 1,000 U/mL of leukemia inhibitory factor (LIF; ESGRO). Media changes occurred every 
other day. 
 
6.2.1.3 B2 mESC:B2 mESC were maintained on mitomycin C-treated mouse embryonic 
fibroblasts in serum free stem cell medium as previously described in Chapters 2 and 3. 
 
6.2.2 Derivation of ESC-EC 
6.2.2.1 D3 ESC-EC: The EC used in these studies are derived from mouse ESC using previously 
published protocols [[66, 151]]. Briefly, initial induction of EC required 4 days of culture on 
collagen type IV-coated dishes in media containing FBS and without leukemia inhibitory factor 
(LIF). Differentiation medium consisted of α-Minimal Essential Medium, 15% Fetal Bovine 
serum, 1% penicillin-streptomycin, 1% L-glutamine, and 5x10-5 M β-mercaptoethanol. The cells 
expressing Flk-1 were then sorted using magnetically (MACS®, Miltenyi Biotech) and allowed 
to grow for one week on collagen type-IV coated dishes. After one week, the Flk-1+ positive 
cells exhibited 2 phenotypes; elongated smooth muscle morphology or cobblestone-like 
endothelial morphology. The cells exhibiting endothelial morphology were manually selected and 
fed endothelial cell medium (EGM-2 medium supplemented with EGM-2 Bullet Kit; Clonetics - 
10ml FBS, 0.2 ml hydrocortisone, 2ml hFGF-β, 0.5ml VEGF, 0.5ml R3-IGF-1, 0.5 ml ascorbic 
acid, 0.5ml hEGF, 0.5 ml GA-1000, 0.5 ml heparin – plus 5x10-5 M β-mercaptoethanol, and an 
extra 50 ng/ml of recombinant human VEGF; VEGF165, R&D Systems). Methods consistently 
yield 25 population doublings at >95% purity [66]. These cells will be referred to as ESC-EC 
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6.2.2.2 Serum-free B2 ESC-EC: ESC were differentiated for five days in differentiation medium 
as described in chapter 3 with 20 ng/mL of VEGF on fibronectin coated plates. The cells 
expressing Flk-1 were then sorted using magnetically (MACS®, Miltenyi Biotech) and allowed 
to grow to confluence on a fibronectin coated dish for 26 days in serum free Stage 2 medium 
(chapter 3) with 10 ng/mL of VEGF and 10 ng/mL of bFGF (Peprotech). Media changes occurred 
every 3-4 days. Cells will be referred to as SF B2 ESC-EC throughout the manuscript.  
 
6.2.3 Device Preparation: Devices were prepared as previously described [152]. Briefly, a mask 
was prepared from a computer aided drawing (CAD). A 100 µm layer of SU-8 photoresist was 
coated on top of a silicon wafer and the mask was used to generate a negative mold. The wafer 
was then treated with 1H,1H,2H,2H-Perfluorooctyldimethylchlorosilane (VWR) to prevent the 
elastomeric polymer from adhering to the mold. Polydimethylsiloxane (PDMS, Sylgard®) was 
prepared by mixing base and curing agent in a ratio of 10:1. PDMS was poured over the wafer 
and degassed for 10 minutes. PDMS was placed in the over for 2 hours at 80°C. After baking, 
devices were trimmed and biopsy punches were implemented to create inlets and outlets. Devices 
were cleaned with Scotch® tape before being treated in a plasma cleaner (Harrick Plasma) for 60 
seconds along with glass coverslips (Fisher, Fig. 6.2.1). Devices were then gently pressed, pattern 
side down, onto the glass coverslip for bonding. 
 

 
Figure 6.2.1 Flowchart for Device Fabrication: Devices were prepared by pouring PDMS onto 
a negative mold and baking in an oven for 2 hours. The PDMS layer was then gently pulled off 
the mold and trimmed down to individual devices that were biopsy punched. Devices were 
cleaned and bonded to a glass cover slip before use.  
 
6.2.3 Fibrin Gel Preparations: Base fibrin gels were prepared by mixing a final concentration of 
2.5 mg/mL (Sigma) with 0.15 U/mL of thrombin (Sigma). Gels were mixed on ice before quickly 
being loaded into devices with a 10 – 100 µL pipette tip. Gels may have included a final 
concentration of the following 0.15 U/mL of aprotonin (Sigma), 25 µg/mL of fibronectin 
(Corning), and/or 400 µg/mL of collagen I (BD Biosciences). The gels included the following 
mixtures: fibrin + aprotonin, fibrin + fibronectin, fibrin + fibronectin + collagen, fibrin + 
collagen, and  fibrin + fibronectin + collagen + aprotonin.  
6.2.3.1 Angiogenic Assay: Gels were allowed to polymerize for at least 10 minutes but no longer 
than 30 minutes  at 37°C before cells were added to the media ports of the devices. The entire 
device was then tilted for 10 minutes to facilitate cell adhesion to the wall of the gel.   
6.2.3.2 Vasculogenic Assay: Thrombin was diluted in a cell suspension of 6-12x106 cells/mL and 
then mixed in a 1:1 ratio with the other gel components.  
 
6.2.4 Immunofluorescence: After 7 days, cells in devices were fixed for 15 minutes with 4% 
PFA (Tousimis). Cells were blocked with 5% donkey serum (Fitzgerald) and 1 mg/mL bovine 
serum albumin (Sigma). Cells were then incubated with Alexa Fluor®-488 anti-phalloidin 
(Invitrogen) overnight in a 1:200 concentration. Nuclei were counterstained with DAPI. Cells 
were visualized on a Nikon TE 2000. After 24 hours, SF B2 ESC-EC in devices were fixed for 15 
minutes with 4% PFA (Tousimis). Cells were blocked with 5% donkey serum (Fitzgerald) and 1 
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mg/mL bovine serum albumin (Sigma). Cells were then incubated with rhodamine anti-phalloidin 
(Invitrogen) for one hour in a 1:200 concentration. Nuclei were counterstained with DAPI. Cells 
were visualized on a confocal Nikon TE 2000. ESC-EC were fixed after 50 hours and underwent 
the same staining procedure. Confocal images were processed with EZ-C1 viewing software 
(Nikon).  
 

6.3 RESULTS AND DISCUSSION 
 
 

6.3.1 EC Invade Angiogenic Gels Over Time. HUVEC plated at 12x106 cells/mL on one side of 
the gel region first formed aggregates before invading the gels. As early as day 1 (Fig. 6.3.1), 
HUVEC appear to invade the fibrin + collagen type I and fibrin + collagen + fibronectin + 
aprotonin gels. By day 5, all the gels show evidence of invasion by HUVEC. The aggregated 
HUVEC also degrade the gel which is evident by the aggregate moving into the gel region and 
past the pylons. While HUVEC were able to completely transverse the gel region, no visual 
evidence of 3D lumen formation was seen and gels had mostly degraded 7 days (Fig. 6.3.2). 
 

 
Figure 6.3.1 Gel Invasion by EC Mimics Angiogenic Sprouting. In the first few days (1-3) of 
sprouting, HUVECs invade the gel regions in a tip-like, 3D, manner. By day 5, most of the gels 
have degraded and HUVEC have proliferation throughout the region. 
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Figure 6.3.2 EC Degrade Gels by Day 7. HUVEC were stained with conjugated Alexa Fluor 488 
anti-phalloidin and DAPI. HUVEC migrate from aggregates (left a-e, top f) into the gel regions. 
Gel regions are made of the following: a) Fibrin + aprotonin. b) Fibrin + collagen type I. c) Fibrin 
+ fibronectin d) Fibrin + collagen type I + fibronectin + aprotonin. e) Fibrin + collagen type I + 
fibronectin. f) Composite image over several imaging fields of fibrin + collagen type I + 
fibronectin gel. Scale bars = 100 µm.  
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Figure 6.3.3 EC Form Vascular-like Structures within Gel Regions. HUVEC plated at 6x106 
cells/mL within gel regions of a microfluidic device form the beginnings of network-like regions. 
These structures form by day 2 and start to regress by day 4. a) Fibrin + collagen type I + 
aprotonin. b) Fibrin + collagen type I. c) Fibrin only. Days: 1-4. 
 
6.3.2 EC Assemble into Vascular-like Networks within 24 Hours. ESC-EC were cultured in 
the same types of gels as HUVEC. Network like structures formed by 39 hours for the fibrin + 
collagen type I + aprotonin gel (data not shown) and within 15-24 hours for the fibrin collagen 
gel (Fig. 6.3.3, 6.3.4a). ESC-EC in the fibrin + aprotonin gel migrated through the gel, but did not 
elongate or form many network-like structures (data not shown). When local cell density of ESC-
EC within the fibrin only gel was high, cells appeared to degrade the hydrogel quickly and 
formed a monolayer within 24 hours (Data not shown). In less dense areas, cells elongated within 
the gel and appeared to hollow out (Fig 6.3.4b) 

 
 Figure 6.3.4 EC Assemble into  Vascular like Networks within 24 Hours. ESC-EC elongated 
and formed network-like structures within the first 15-24 hours of the culture within microfluidic 
devices. Structures were not perfusable or well connected and regressed over by 49 hours. Scale 
bar represents 200 µm.  
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Figure 6.3.5 ESC-EC Migrate and Form Networks within Microfluidic Devices. a) ESC-EC 
within a fibrin + collagen type I gel regressed  into larger structures. Cells may show possible 
lumen formation (arrows). b) Volume render of an imaging field displays elongated ESC-EC in a 
fibrin gel that appear hollow due to possible vacuole formation (arrows). Red: rhodamine 
phalloidin. Blue: DAPI. Scale bar represents 100 µm. 

 
6.3.3 EC Migrate Through Gel Region Serum-free B2 ESC-derived EC migrated through an 
angiogenic device express Tie-2 GFP within a fibrin + collagen type I + aprotinin hydrogel (Fig. 
6.3.5a). Cells did not express Tie-2 GFP under monolayer conditions, highlighting the importance 
of 3D cell-culture for serum-free B2 ESC-derived EC formed an intial vascular plexus-like shape 
in the middle of the gel region (Fig. 6.3.5b & c). A volume rendering of the imaging field reveals 
rounded cells budding off of the cells that are reminiscent of hemogenic endothelium giving rise 
to hematopoietic stem cells (HSC).  
 

 
Figure 6.3.6 SF B2 ESC-EC Simulate Angiogenesis in a Microfluidic Device. Within 24 hours, 
serum-free B2 ESC-derived EC migrated through the gel region of a microfluidic device. a) 
serum-free B2 ESC-derived EC express Tie-2 GFP within a 3D environment. b) serum-free B2 
ESC-derived EC formed network-like structures with lumen formation (arrows). c) Volume 
render of b) reveals rounded cells within the network region. Red: rhodamine phalloidin. Blue: 
DAPI. Scale bar represents 100 µm. 
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6.4 SUMMARY 
 
 

Multiple studies have shown the generation of vascular networks within microfluidic devices with 
EC including HUVEC and induced pluripotent stem cell-derived EC (iPS-EC) [153-155]. Some 
studies have also incorporated mesenchymal stem cells and fibroblasts as mural cells to support 
vascular formation and stability [156, 157]. Here, we report our first attempts at reconstructing 
microvascular networks with HUVEC and ESC-derived EC. In our studies, HUVEC and ESC-EC 
migrated through gels to form cell-to-cell contacts over time before regressing. This behavior is 
expected due to the lack of stabilizing cell types such as fibroblasts or mesenchymal stem cells or 
physical cues from perfusion and mechanical stress. Previous studies have reported the necessity 
of fibroblasts or a fibroblast-derived factor for lumen formation [158], which have yet to be 
incorporated here. Incorporating soluble matrix proteins into media after network formation has 
occurred may help stabilize network formation. Fibronectin has been found surrounding sprouting 
cells, while collagen type IV and laminin was detected after functional vessel formation [48, 49]. 
Future studies will combine co-cultures of mouse ESC-EC derived cells with or without normal 
human lung fibroblasts to assess network formation and perfusion.  
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CHAPTER 7. 
Biomaterial Contributions for Creating Microvasculature In Vitro 

 
 

ABSTRACT 
 
 

In many ways, the integration of polymer science and cell biology has pioneered the growing 
field of tissue engineering. Polymer scaffolds are often the foundation that is used to direct 
cellular attachment and behavior. Three-dimensional scaffolds may be prepared from a variety of 
solution components and fabricated into tissue-like materials such as hydrogels and electrospun 
fibers. This review focuses on the specific materials and material properties manipulated in the 
preparation of gels and fiber scaffolds that support microvascular tissue formation. The most 
relevant materials characterization parameters and techniques are surveyed for comparison of 
tissue-organ equivalents. Based on this analysis, we emphasize the need for increased 
communication and standardization of mechanical tests used to characterize hydrogels, both with 
and without cells, and highlight future paths that may be taken towards generating 
microvasculature for successful integration of engineered tissue constructs. 
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7.1 INTRODUCTION 
 
 

One of the goals of tissue engineering is to generate functional tissue that could facilitate organ 
regeneration, repair or replacement within a laboratory environment. Furthermore, these 
laboratory-generated tissues can also be used as models of organ systems to study specific 
diseases and mechanisms for disease treatment, including drug screening. Basic structural tissues, 
like the trachea and bladder, have already been generated using scaffolds seeded with the 
autologous cells, and are currently undergoing clinical trials [2-4]. However, these first 
engineered tissues are thin hollow organs that are largely avascular, and do not require immediate 
integration with the patient’s circulatory system. The successful integration of organs comprised 
of larger amounts of tissue – with higher metabolic needs for nutrient delivery and waste removal 
– will require a functional vascular network throughout the tissue prior to implantation. 
Specifically, the metabolic needs of tissues combined with low solubility of oxygen in blood 
require that blood vessels are present within 500 µm distances of the cells comprising a tissue 
[150, 159].  
 
7.1.1 Vasculogenesis and Angiogenesis 
Vasculogenesis, the generation of a de novo blood vessel network, is an essential part of 
development that enables an embryo to fully mature. This process is initiated by angioblasts, first, 
in the embryo’s yolk sac and allantois, followed by cells in the intraembryonic mesodermal 
region [18]. The angioblasts differentiate into endothelial cells, which form the first blood vessel 
network [13]. As the network matures, smooth muscle cells migrate to the new vessels to stabilize 
the network and provide contractile support and integrity [160, 161]. 

New blood vessels sprout from the pre-established network in a process known as 
angiogenesis. During this time, specialized endothelial cells, known as tip cells, migrate from the 
vessel wall [162]. Stalk cells trail the tip cells and generate the stem of the sprouting vessel. 
Angiogenesis stops when the new vessel anastamoses with another sprout or pre-existing vessel 
causing quiescence of the migrating endothelial cells; this process occurs most commonly during 
wound healing and certain pathological conditions such as solid tumor growth, rheumatoid 
arthritis, and retinopathies [163]. Under normal conditions, this process is tightly regulated and 
involves signaling from a large array of growth factors and the breakdown of the surrounding 
extracellular matrix (ECM) [161].  

The microvascular niche is composed of insoluble proteins such as collagens, fibronectin, 
laminin, and hyaluronic acid (HA). These ECM proteins enable the storage of a multitude of 
cytokines including: vascular endothelial growth factor (VEGF), basic fibroblast growth factor 
(bFGF), transforming growth factor (TGF super family), and platelet derived growth factor 
(PDGF). Both the ECM proteins and the cytokines facilitate vascular growth and stabilization of 
the newly established blood vessel network and surrounding cell types (reviewed in [161, 164, 
165]). Other cellular-membrane bound proteins, such as integrins and matrix metalloproteases, 
are also bound to the ECM and assist in cell adhesion and remodeling (reviewed in [166, 167], 
Fig. 7.2.1a).  
 
7.1.2 State of the Field 
Larger diameter vessels (> 6mm) can be replaced using synthetic tissue engineered blood vessels 
made from Dacron® or expanded polytetrafluoroethylene (ePTFE) [168]. Small diameter graft 
replacements made from the same materials suffer from clotting and compliance complications 
[169, 170]. (However, a new small diameter tissue engineered blood vessel replacement made by 
Humacyte from decellularized collagen is currently undergoing clinical trials [171].) Similar 
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advances have yet to be made for developing an implantable, branched microvascular network to 
support tissue growth and repair, due to the small size range of lumen diameter, vessel length, 
complex geometries, and high vessel density requirement. Tissue engineers have been able to 
generate blood vessel-like networks (summarized in Table 7.1.2.1) using hydrogels alone [172-
174] or in combination with molds made from polydimethylsiloxane (PDMS) as a microfluidic 
device (µFD) [156, 175-178]. Often co-cultured with fibroblasts, human dermal microvascular 
endothelial cells (HMVEC) [175], human umbilical vein endothelial cells (HUVEC) [155], or 
induced pluripotent stem cell endothelial cells (iPS-EC) [179] are common cell types used to 
recreate the microvascular environment within the µFD.  As the technology advances, more 
complex microenvironments are being developed to enable interactions between the 
microvasculature and tissue/organ of interest [154, 180-182].  

 
Table 7.1.2.1:  A brief overview of microvascular networks that have been engineered in vitro. 
Platform Cell Source Functionality Lab Ref 
     
Collagen gel in µFD HMVEC Perfusable network Kamm  [175] 

Matrigel iPS-EC Network formation Kamm & 
Murphy 

[179] 

Fibrin gel in µFD iPS-EC Perfusable network Kamm & 
Murphy 

[179] 

Fibrin gel in µFD HUVEC Perfusable network Jeon [178] 

Fibrin gel in µFD HUVEC + 
bmMSC 

Perfusable network Kamm [157] 

Fibrin gel in µFD HUVEC, 
fibroblast 

Perfusable network Kamm [155] 

Fibrin gel in µFD ECFC-EC + 
fibroblasts 

Perfusable network George & 
Lee 

[156] 

Fibrin gel, well plate ECFC-EC + 
fibroblasts + 
cancer cells 

Cancer cell migration George [174] 

Acrylated hyaluronan 
hydrogel 

hPS-EC, hPS-
VC 

Lumen formation Gerecht [173] 

Collagen gel in 
microprinted channels 

BAMECs Perfusable upon 
implantation 

Chen [176] 

Collagen gel in patterned 
µFD 

HUVEC Perfusable network Stroock [177] 

Collagen-chitosan in 
micropatterned PDMS 

Artery and vein 
explants  

Perfusable network Radisic [183] 

Collagen gel Multiple  Perfusable network Neumann [184] 
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 However, by virtue of their size, these microtissues are easily damaged during gel 
handling or device manipulation. Fabrication of larger engineered tissues will be necessary in 
order to offer therapeutic advantages to patients. Tissue engineers implement scaffolds as a basis 
for structural support as well as a means of providing developmental and regulatory cues for the 
cells seeded on that tissue. Scaffolding architectures consist of hydrogels (including freeze-dried 
sponges and bioprinted gels), or electrospun fibrous nets that meet the desired mechanical 
robustness and biochemical cues required by the tissue type. This review will focus on the 
specific design of material, material properties, and methods of material characterization in the 
preparation of gels and fiber scaffolds to support in vitro microvasculature tissue formation.   

 
7.2. HYDROGELS 

 
 

Hydrogels are often used as a scaffold for generating microvasculature because of their 
ability to (i) encapsulate single cells easily within a 3-dimensional (3D) environment, (ii) simulate 
the native tissue’s natural extracellular matrix (ECM) materials, such as fibrin or collagen, (iii) 
incorporate controllable stiffness that enables endothelial cell migration and assembly into 
vascular-like patterns [185], and (iv) integrate cell signaling factors and/or cytokines for directing 
cell fate (Fig. 7.2.1A).  Hydrogels – gels containing water – are derived from naturally occurring 
materials, and may be made from a single ECM component or from multiple components. 
Hydrogels are formed in vitro by mixing a solution of one or more polymers with an agent that 
promotes condensation reactions (or addition reactions in the case of photosensitive polymers). 
Some of the most common components for generating hydrogels include collagen type I, 
fibrinogen used together with thrombin to generate fibrin (Fig. 7.2.11B), hyaluronan [172, 173], 
poly(ethylene glycol) methacrylate (PEGMA) [186] or poly(ethylene glycol) diacrylate (PEGDA) 
[187], alginate [188-191], gelatin methacrylate [192], or chitosan [183].  Most recently, organs 
themselves have become a source of material using a decellularization process, where detergents 
and buffers are used to remove cells from the organ, followed by lyophilization and reconstitution 
as hydrogels [193-195].   

Synthetic materials are advancing in complexity and tenability within therapeutic 
hydrogels, often containing peptide-derived sequences for a bioinspired and thus, hopefully, 
biomimetic material [173, 196, 197]. Poly(ethylene glycol) (PEG), polyacrylamide (PAM), 
poly(methyl methacrylate) (PMMA), poly L-lactic acid (PLLA), poly(lactic-co-glycolic) acid 
(PLGA), polycaprolactone (PCL), and/or a copolymer blend of a synthetic and a natural hydrogel 
have been used as scaffolds in order to obtain slower degradation rates and controllable 
stiffnesses while maintaining integrin binding sites for cells [198, 199]. The incorporation of 
cross-linking agents can provide increased stiffness and material stability, that vary depending on 
the chosen hydrogel and the effect that cross-linking has on this material [200-202]. A detailed 
review by Thiele et al. describes some of the tailorable hydrogel parameters such as stiffness, 
biodegradability, and porosity for natural protein-based and synthetic materials that mimic natural 
microenvironments [203].   

 
Figure 7.2.1: Cells within a 3D microenvironment Cells within a hydrogel are surrounded by 
the extracellular matrix that may be mimicked by a hydrogel. A) Cells within the in vivo ECM are 
exposed to a multitude of different proteins, including collagens, fibrins, and hyaluronic acid as 
well as growth factors that may be stored on binding sites within the ECM and other cell types. 
B) Hydrogels developed in vitro mimic the filament ECM network by incorporating natural and 
synthetic polymers and may also include specific targets for cleavage by matrix metalloproteases 
as well as covalently bonded growth factors. 
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7.2.1 Fibers within Hydrogels 
The fiber components in hydrogels derived from natural materials are formed by condensation 
(stepwise) reactions that are a function of the polymer formation process. The specific 
characteristics of the fibers affect cell response, and depend on the particular materials and 
methodology used for preparing the hydrogel. A study performed by Yang et al. demonstrated 
that the length and width of individual fibers within collagen type I hydrogels are affected by the 
pH, the amount of time allowed for the gel to form, and the temperature [204]. Collagen gels 
formed by polymerization at temperatures below physiological conditions exhibited larger fiber 
diameters and a greater storage modulus (stiffness; in this case measured in shear) as collagen 
concentration increased (Fig. 7.2.1.1) [204, 205]. Collagen gel fibers within a 
polydimethylsiloxane (PDMS) microchannel mold generated thicker fibers when polymerization 
occurred under physiological conditions of pH 7.4 compared to a higher pH of 8.3 [206]. In turn, 
the thicker fibers enabled the cells to establish stronger cell-matrix interactions and resulted in 
higher cell viabilities of human mammary fibroblasts [206]. However, gel solutions with a higher 
pH were also able to form thicker, more organized fibers when allowed to polymerize at a lower 
temperature, 4°C, for one hour. The lower temperature most likely enabled the gel to undergo an 
additional nucleation phase, before the polymerization reaction was terminated by moving the 
device to the 37°C cell culture incubator where the gel formed [204]. In another study, collagen 
fiber diameter was controlled by adding the cross-linking agent, ribose, to the polymer solution 
five days before allowing polymerization to occur [207]. Different gelation temperatures in 
collagen gels affected the nucleation and polymerization of the fibers, and, ultimately the 
invasion distance of glioma cells within the gels [204, 205]. The microfluidic and well culture 
environments may also impact the mechanisms of polymerization [206], and thus presumably the 
stiffness of the gels.  
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The initial length and diameter of fibrils within hydrogels can determine the efficacy of 
initial cell-matrix interactions, cell viability, cell migration, proliferation, and cell fate [208] 
including, subsequent degradation and remodeling of the surrounding scaffold [209]. However, 
given enough time, the cells will often completely replace with original gel material with their 
own niche-specific material fibril combinations [210]. 

 
Figure 7.2.1.1: An increase in storage modulus accompanies increasing fiber dimensions 
(length, diameter). In the initial part of collagen gel polymerization, only a small amount of 
collagen fiber has formed, resulting in a low storage modulus as indicated by the point on the 
graph (t=t1). As the reaction continues to occur, the polymerizing fibers have elongated and 
acquired tertiary structure (t=t2). Once the reaction has gone to completion, the amount of 
collagen fiber reaches equilibrium, and the storage modulus plateaus (t=t3). Adapted from [204, 
205]. 
 
7.2.2 Tailoring Material Stiffness 
The stiffness of the materials used in cell culture conditions has been shown to direct the fate of 
stem cells [211]. Specifically, a 3D environment comprised of photo-cross-linked polyethylene 
glycol dimethacrylate was prepared as 3kPa “soft” (compliant) gel and compared to a stiffer 8kPa 
substrate. When MSC were seeded on the gel, the softer substrate upregulated Flk-1, a protein 
associated with cardiovascular (in particular, endothelial) fate, compared with the stiffer substrate 
which upregulated protein markers associated with smooth muscle cell fate [186].  

Softer materials generally enable increased migration of many cell types [172, 204-206], 
and thus form more capillary-like structures in the softer substrates [172]. Bovine aortic 
endothelial cells (BAECs) formed a larger number of longer capillary-like sprouts when 
embedded in a stiffer (Young’s modulus, E, in compression ~515 Pa) glycolated collagen gel 
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compared to a softer glycolated collagen gel (E ~ 175 Pa) [207].  However, the stiffer substrate in 
the study by Mason et al. [207] had a compressive modulus below that of the softer substrate (E ~ 
3 ± 1 kPa)  in the study by Wingate et al. [186]. Therefore, the studies taken together suggest the 
existence of an optimum value of stiffness, or range of stiffness, for promoting endothelial cell 
function and gene upregulation (Fig. 7.2.2.1).  However, when HUVEC are co-cultured with 
MSC, they create longer vessel-like structures only in gels with lower stiffnesses (shear modulus 
G’ ~50 Pa) [212].  The optimal stiffness for generating vessel-like structures, with an endothelial 
and mural cell co-culture, changes with the addition of the second cell type and must be 
considered when designing single- or co-culture experiments. 

 
Figure 7.2.2.1: A finite range of material stiffness supports microvascular endothelial 
behavior and function. The contribution of material stiffness, a known factor for influencing cell 
fate, has yet to be fully explored for the microvascular niche. Evidence supporting the limits of 
the lower [207] and the upper [186] range of material stiffness has been found. The optimal range 
of stiffness for supporting microvascular endothelial cell fate may be within in an unexplored 
region of stiffness (green box). We also note that optimum conditions revealed by these types of 
studies may not coincide with the properties of native tissue. 
 
7.2.3 Controlling Degradation Rates 
Most natural and synthetic polymer scaffolds are remodeled and degraded by the cells seeded on 
them, or by the host’s (foreign body) response through hydrolysis. The time scale of degradation 
rates depends on the material of choice [213], molecular weight distribution [214], polymer-to-
polymer ratio in blends [215-217], monomer-to-monomer ratio in copolymers  [217, 218], and 
processing techniques [218, 219].  Pre-treating silk fibroin with formic acid for different amounts 
of time markedly changes the degradation behavior in vivo, with scaffolds degrading slowly for 
90 days (30 minute treatment) or remaining largely unaffected until after 90 days (60 minute 
treatment) [220]. The foreign body response to the material will also determine whether 
successful integration of the scaffold will occur or fail [221, 222].  

Synthetic polymers have a range of molecular weights that affect the degradation rate and 
mechanical properties of the scaffolding material. This polydispersity is commonly but 
incompletely expressed in terms of the ratio of weight average molecular weight Mw to number 
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average molecular weight Mn – and sometimes, even less adequately, by just one of these 
averages on its own. Lower molecular weight samples of a particular polymer will in general 
biodegrade more quickly than higher molecular weight samples of that polymer because fewer 
bonds in the lower molecular weight samples must be broken in order to depolymerize the 
material. Specifically, microspheres made from lower molecular weight (Mw = 17,000 Da) 
poly(D,L-lactic acid) (PLA) had shorter degradation times than higher molecular weight 
microspheres (Mw = 41,000 Da) of that polymer [223]. Alginate scaffolds made from a mix of 
high and low Mw material resulted in better scaffold engraftment and bone formation compared to 
scaffolds prepared solely from high Mw alginate [224]. When films were prepared from a poly(ε-
caprolactone-co-lactide-co-glycolide) copolymer with different monomer ratios and exposed to 
PBS, the films with less ε-caprolactone exhibited faster hydrolysis, due to the decrease in the 
number of hydrophobic ε-caprolactone residues [217]. The biodegradability of different polymer 
scaffolds formed from poly(polyol sebacate) can also be tuned by manipulating the stoichiometry 
and the hydrophobicity incorporated into the scaffolds [221, 225].  

Material degradation, occurring within days (natural ECM components) or over a period 
of months (silk, synthetic polymer, etc.), should be matched to the required performance 
accordingly. If a scaffold is only meant to be temporary, rapid degradation is desired. On the 
other hand, if a scaffold needs to maintain its architecture and support of seeded cells (as in the 
case of tissue replacement), then degradation should be slower. This aspect of materials selection 
must be considered during the initial design of a tissue engineered scaffold. 
 
7.2.4 Effects of Mechanical Stress 
Within the human body, endothelial cells are exposed to both shear and stretch due to blood flow. 
When EC in monolayer on a silicone membrane have been exposed to stress (in the form of 
stretch), the cells reorganize to minimize that stress (Fig. 4) [226]. Evidence suggests that this 
emergent response is due to reorganization of stress fibers within the cytoskeleton.  

When 3D hydrogels undergo cyclic deformation, the high water content, and the low 
value of tensile stress required for failure, cause the gel to disintegrate [227]. These conditions 
limit the feasibility of studies to examine the effect of cyclical stress on cellularized hydrogels. 
Some studies have overcome this hurdle by placing the gels within a mold that was then exposed 
to cyclic deformation, allowing the force to pass through the mold and into the hydrogels and 
cells within, preventing failure of the gels [227].  When a silicone mold was used in conjunction 
with a collagen gel, BAEC and HUVEC invaded the gel with a preferred orientation orthogonal 
to the cyclic stress; this directional preference was not observed in unstretched controls and is in 
accordance with monolayer behavior [228].   

 

 
Figure 4: Endothelial cells minimize membrane shear stress through elongating and 
aligning orthogonal to the stress. ECs initially plated on a substrate before stretching display a 
cobblestone morphology (t=t0), while cells that are exposed to cyclic stress via the substrate 
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migrate  to minimize the shear stress experienced by cell membranes (t=t1 and t=t2).   This 
minimization is achieved by the cells becoming elongated and aligned along a direction that is 
orthogonal to the direction of shear. Adapted from [226]. 
 

The Swartz lab has built a bioreactor from porous polyethylene that enables interstitial 
flow rates to be achieved through cellularized gels in vitro [229-232]. The interstitial flow rates 
and hydrogel material affect the behavior and organization of both blood endothelial cells (BEC) 
and lymphatic endothelial cells (LEC) [229, 231]. When exposed to 10 µm/s flow rates in a 
collagen gel, BEC and LEC reorganized themselves to form structures reminiscent of vacuoles or 
lumens [231]. Under an average flow rate of 4.5 µm/s, BEC formed network-like structures with 
vacuole formation present in collagen-fibrin gels, while LEC formed thinner, elongated structures 
in fibrin only gels [232].  In two of the reports [229, 232], an engineered VEGF peptide was 
incorporated into the gels and was then cleaved from the gel by the cells. The interstitial flow 
generated a VEGF gradient towards the outer edge of the chamber that contributed to the 
organization of the structures produced by the BEC and LEC.  

Thus far, researchers have been limited in their ability to construct a microenvironment 
that can simultaneously exert shear and stretch at physiological levels on a microvascular EC 
population, without causing cell death or disintegration of the hydrogels [227]. In the cited 
experiments [227], [228], the gels were contained within molds which prevented the gels from 
shearing. Under in vivo conditions, tissues experience different types of mechanical stress 
simultaneously (shear and stretch). When tissue constructs are clinically applicable for full organ 
or muscle replacement, both the shear modulus and the Young’s modulus of the construct, which 
dictate the shear and stretch responses respectively, should be tailored to match those of natural 
tissues to ensure that the construct does not fail under normal use. 

 
7.2.5 Patterning and Bioprinting Hydrogels 
Bioprinting, the 3D patterning of hydrogels with ink-jet type printers, is used to create desired 
geometries using (i) hydrogels [233] and/or (ii) initial cell-seeding patterns [234]. Since their 
inception, the techniques and printers have been refined, allowing more complex printing patterns 
and less cell death, with each technique having its own pros and cons (detailed review and 
technique evaluation in [234]. The usefulness of the bioprinter is also determined by how readily 
the bioink cartridges can be prepared and loaded for hydrogel and cell extrusion. Moreover, the 
viscosity of the hydrogel and density of the cell suspension passed through the printer are likely 
to influence how reproducibly the technology works from lab to lab. A broad analysis of the state 
of patterning and bioprinting has recently been published [235]. Currently, bioprinters are 
manufactured and sold by Organovo and Nano3D, but most systems are still being built to 
specification within individual laboratories. Even though bioprinters may offer the fastest way to 
build an organ-like structure within a laboratory setting, they are not yet able to generate the 
complex cell-to-cell adhesions nor the complex fibrous architecture of native tissue. Here we 
highlight the specific bioprinting techniques and materials that have been used to develop 
microvascular tissues in vitro.  

Microvascular patterns of hydrogels – with or without growth factors or controlled matrix 
stiffness – have been generated using a variety of methods, including: shining light on 
photosensitive polymers, incorporating matrix metalloprotease sites, and omnidirectional printing 
[202, 236-238]. The ability to pattern allows control of spatial features that may influence cell 
proliferation, migration [236, 239, 240] or differentiation [241, 242], as well as co-culture of two 
different cell types [243]. By initially separating cells within specific microenvironments, it is 
possible to determine whether signaling between the two cell types is synergistic [244], 
detrimental [245], or benign [246]. These interactions are important for understanding how 
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angiogenesis occurs in a cell-rich environment for wound healing, or the adverse event of 
endothelial cells establishing a connection to tumor cells. 

Laser-assisted bioprinting (LaBP) has been used to deposit different materials and cell 
types at specific locations on a glass slide, under computer control. This technique involves first 
preparing a donor slide with hydrogel and/or cells. The slide is then inverted and exposed to a 
laser, causing the prepared material to drop onto a collector slide or template in a predetermined 
pattern. In this way, the donor slide acts as the reservoir for printing material. Using this 
technology, Gruene et al. were able to embed an array of adipose stem cells and endothelial 
colony forming cells (ECFC) in close proximity within a hyaluronan-fibrin gel that provided a 3D 
environment for the ECFC to form a microvascular-like network [247]. Bioprinting onto 
stackable scaffolds, or biopaper made of porous PLGA, also offers a promising approach for 
creating thicker tissues with patterned microvessels [248]. In a study by Pirlo et al., PLGA was 
molded into a thin rectangular “paper” scaffold and HUVEC were patterned as a vascular 
network using BioLP. A live/dead assay of randomly seeded HUVEC revealed that most of the 
cells seeded on the stacked biopaper had apoptosed over a period of 4 days [248]. The authors 
note that the porosity and stiffness of the underlying material play a role and need to be optimized 
further. 

In an interesting mix of culinary art and polymer science, a 3D printer was used to make 
a lattice mold out of carbohydrate glass that could be immersed in multiple hydrogel materials 
(fibrin, PEG, etc.) and dissolve when placed in culture media, leaving behind patterned channels 
that could be perfused and/or seeded with cells [249]. The authors then filled the space 
surrounding the lattice with fibrin or PEG gel containing 10T1/2 cells and perfused HUVEC 
through the inner lattice channels. Although the densities of the fibrin (10-40 mg/ml) and PEG (6-
35 kDa) gels described for the study seem high, the cell viabilities and creation of angiogenic-like 
sprouts were not impeded after 9 days in culture.  

Another 3D printing technique involving extrusion of materials from an “ink-head”, has 
been employed to deposit materials and cells directly into a desired pattern. Microvascular 
networks from a variety of cell sources have been patterned using this technique [250]. Moreover, 
larger vessels have been printed using agarose hydrogels to surround highly concentrated cell 
aggregates, forming the base and shape of the large-diameter vessel while the cells fused together 
[251]. In parallel with increases in complexity and functionality, printers with multiple nozzles 
have enabled printing of multiple cell types in intricate 3D patterns that more closely mimic 
native organs [252].  

 
7.3 ELECTROSPINNING 

 
 

Electrospinning of a liquid material is another popular method for creating 3D scaffolds with an 
underlying fiber structure that mimics the ECM. The material of choice may consist of natural 
polymers, artificial polymers, or blended polymer solutions in a conducting and often volatile 
solvent. The general configuration of the electrospinning apparatus requires a high-voltage power 
supply, a syringe pump with syringe, and an optional tube connecting the syringe to a needle 
acting as a spinneret. A collector plate is placed below the spinneret, and a charge difference is 
established between the spinneret and the plate. The charge difference, in conjunction with a low 
perfusion rate provided by the pump, enables the liquid at the spinneret tip to form a Taylor cone 
which then produces the electrospun fiber through a dry spinning process. The resulting fibrous 
mesh may be handled macroscopically and is also suitable for cell culture and in vivo experiments 
after sterilization. 
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Controlling fiber diameter for cell patterning purposes is achieved by adjusting the 
perfusion rate on the pump and/or the voltage difference between the spinneret and collector. It 
should be noted that fiber diameters change due to swelling of the matrix when placed in culture 
media. As a result, the swelled electrospun mesh behaves like a hydrogel, and cells are able to 
infiltrate the surface of electrospun scaffolds even though the as-spun material is essentially two-
dimensional [253].  

Fiber alignment may be achieved using electrodes [254], in some instances together with 
an alternating current [255]. HUVEC seeded on electrospun aligned scaffolds of methacrylated 
hyaluronan migrated along the axis of alignment, even if an orthogonal chemotactic gradient of 
VEGF was present [256].  

The micro- and/or nanostructure of the mesh and its constituent fiber(s) affect cell 
behavior by controlling the cytoskeletal organization, and thus transcriptional and translational 
events, within the cells through contact points with the electrospun mesh. The capacity of the 
mesh to influence these events can be reasonably supposed to increase in proportion to the 
number of contact points, also known as focal adhesion complexes. Electrospun nets made out of 
silk fibroin with nanosized fiber features induced higher gene expression of EC markers VE-
cadherin and PECAM, as well as integrin-associated focal adhesion sites [257], compared to the 
results obtained with microsized features. Conflicting data that HUVEC adhere to microsized 
fibers rather than nanosized fibers of polycaprolactone (PCL) have also been reported [253]. This 
difference could be caused by the molecular orientation of the underlying material used in these 
respective studies, which will be discussed next. 

Cell biologists currently perceive knowledge of the fiber size, bulk (overall) orientation 
of the fibers, and swelling properties of the material as being more valuable than information 
about crystal orientation or percent crystallinity within the material on which the cells grow. The 
internal nanostructure of the fibers is largely ignored as a possibly influential factor during cell 
culture. From the perspective of a polymer scientist, in contrast, fiber spinning is useful for 
generating molecular alignment in a material, and for increasing the fraction of the material that is 
crystalline. Thus, one should consider the possibility that the molecular order within the 
individual electrospun fibers may be responsible for the discrepancy wherein HUVEC adheres 
better on microfibers of PCL and also on nanosized fibers of silk fibroin. Both PCL and silk 
fibroin are semi-crystalline. However, the number, size and perfection (probability that adjacent 
monomers on neighboring molecules are identical) of the crystalline regions [258, 259] will 
depend on both the primary structure (composition) of the polymer and the degree to which 
orientational molecular order can be introduced by, and retained subsequent to, electrospinning; 
the latter characteristic depends in turn on how quickly the solvent can be removed as the fiber is 
spun, and thus on the thickness of the fiber.  We can expect that there will be a complex interplay 
between composition, processing, and nanostructure, so that predicting the abundance of cell–
substrate contacts as a function of fiber thickness in different types of fiber should be carried out 
against a background of detailed nanostructural characterization. Some relevant techniques are 
discussed below. 
  

7.4 ACELLULARIZED TISSUE 
 
 
Acellularized tissue is an alternative source for matrix, available either as a thin section, or as a 
lyophilized and reconstituted powder [260]. Advantages of using acellularized tissue as thin 
sections include preservation of native ECM architecture that uniquely maintains high strength 
and toughness (resistance to damage during deformation) and high elasticity (yield strain) [261].  
In addition, the acellularized ECM retains many important growth factors [262] that promote 
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organ-specific cell growth and function. Common acellularized tissue sources include porcine 
urinary bladder matrix (UBM) [263], porcine small intestinal submucosa (SIS) [264],  acellular 
dermal matrix (ADM), or whole decellularized organs such as the heart, liver, or lungs (reviewed 
in [5]).  

A study by Badylak et al. indicated that acellular sheets made from porcine SIS or UBM  
were able to support human microendothelial cell (HMEC) attachment after undergoing 
processing steps that readied the substrate for clinical use [263]. A follow-up study implanted 
acellular SIS and UBM sheets in defects of the right ventricular anterior wall of the heart, 
resulting in functional tissue regeneration and decreased scar formation [265].  Reconstituted 
3mg/mL UBM hydrogel was able to support a greater population of rat aortic smooth muscle 
cells compared to collagen gels [260]. SIS sheets may be layered to increase degradation time 
[266] and tune mechanical properties [267]. SIS with preserved arterial and venous pedicules 
(BioVaM®) supported re-endothelization in vascular structures [268] and promoted synchronous 
beating when seeded with a heterogenous mix of rat neonatal heart cells [269].  

PADM and human ADM were found to have similar structural and ECM components 
[270], making ADM an attractive source for acellularized matrix. A lyophilized hydrogel version 
of ADM has also been extensively characterized as an injectable material [271]. On PADM 
scaffolds, HUVEC formed capillary-like networks after 3 days of culture [272]. In comparison to 
PADM scaffolds seeded with or without fibroblasts, PADM scaffolds seeded with HUVEC that 
were implanted into nude mice formed numerous capillary like structures 3 weeks after 
implantation [272].  

Use of acellularized materials offers a promising strategy for promoting tissue support 
and regeneration, and can even retain the vascular architecture of the organ. However, when these 
tissues are recellularized, they still do not recapitulate the function of the original organ; the 
original cell density within the human body cannot be achieved using lab grown autologous cells. 
Strategies to increase cell yields and re-colonization of the decellularized organs need to be 
further optimized in tissue engineering laboratories and may be accomplished with the use of 
stem cells. In vitro, embryonic stem cells,	  induced pluripotent stem cells [179, 273], and adult 
progenitor cells [95] have been differentiated successfully into functionally mature endothelial 
cells utilizing monolayer differentiation conditions [67, 151, 274, 275]. 
 

7.5 CHARACTERIZING MATERIAL 
 
 
In order to quantify the effects of a tissue scaffold on cell fate and/or tissue assembly, the material 
properties must be fully characterized, both with and without the cell components, and also after 
cell remodeling is allowed to occur. What follows is a summary of tools and techniques that are 
most frequently used for characterizing the relevant properties of hydrogels. More detailed 
information regarding characterization of biomaterials in general is also available [276, 277]. 

 
7.5.1 Fiber Characterization  
Fiber diameter in polymeric substrates for tissue culture affects cell behavior by stipulating the 
number and distribution of physical attachment sites for integrin binding and cell adhesion 
molecules. However, this physical property is not always characterized as a factor affecting cell 
behavior, especially for cells encased in hydrogels.  

Hydrogel fibers can be visualized directly using scanning electron microscopy (SEM), 
either after the hydrogel has been freeze-dried, or within a controlled atmosphere in the chamber 
of an environmental scanning electron microscope (ESEM). O’Leary et al. implemented atomic 
force microscopy (AFM) to verify the nanofiber self-assembly of a synthetic biomimetic peptide 
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inspired by the collagen triple helix; SEM, and transmission electron microscopy (TEM) were 
used to also visualize and confirm the result [197]. Indirect visualization of collagen fibrils and 
fibers has been achieved with second harmonic generation and confocal reflectance microscopy 
[204, 206].  

Fiber diameter and shape (flat ribbon or round fiber) of electrospun nets are easily 
visualized and characterized through SEM imaging [257, 278]. The molecular alignment and 
percent crystallinity within electrospun fibers may also affect cell behavior, and are quantifiable 
using wide angle x-ray diffraction [210, 279, 280]. The crystallinity of electrospun PCL:gelatin 
blends was characterized using wide angle X-ray diffraction of aligned fibers [279]. The authors 
found that blends with a 4:1 PCL:gelatin ratio exhibited a significantly increased crystallinity 
compared to PCL on its own; the magnitude of the increase depended on the collector 
configuration used in electrospinning. When the PCL:gelatin ratio was decreased to 1:1, the 
crystallinity fell below the value for pure PCL, and a further decrease in PCL:gelatin ratio to 1:4 
reduced the crystallinity to single-digit values. Interestingly, tissue engineers have not 
investigated the potential role of crystallinity in cell fate. Seeding cells onto materials of varying 
crystallinity should determine whether the underlying crystal structure is important for material-
cell interactions (Fig. 7.5.1.1).  

 
Figure 7.5.1.1: A possible scenario depicting EC migrating along aligned electrospun fibers 
with crystalline regions. The low resolution view on the left schematically illustrates a 
population of EC on an aligned electrospun mesh; for clarity, only a few mesh fibers are shown. 
Electrospinning induces crystallinity in the source material and may facilitate contact-guided cell 
migration (side view; highly enlarged). As the cell migrates, focal adhesions may preferentially 
form where the cell comes in contact with the crystalline portion of the electrospun fibers (bottom 
view; enlarged). 
 
7.5.2 Mechanical Properties 
Characterizing the mechanical properties of pre-and post-cellularized material scaffolds is 
important for tracking how the implant material integrates and how the cells survive in the 
recipient’s environment. Materials characterizations laboratories measure a variety of properties; 
these include material stiffness, using a variety of different imposed conditions (e.g. 
compressive / tensile versus shear loading, static versus dynamic loading) and parameters (e.g. 
longitudinal modulus, Young’s modulus, shear modulus).  

For example, rheometers with a cone and plate geometry were used to determine that the 
storage modulus, G’, and loss modulus, G’’, of a synthetic peptide gel were similar in value to the 
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corresponding properties of a natural collagen gel [197]. If a material is sufficiently cohesive to 
be gripped and held without slipping, the Young’s modulus may be measured by tension [281]. 
However, this arrangement is impractical for most hydrogels, which are fragile and slippery. 
Therefore, the Young’s modulus of hydrogels is usually obtained via micro- or nano-indentation 
techniques, relying on characterization of the indent imparted by a probe of known geometry 
(typically a sphere or a cone) and using the Hertz contact model [282, 283] to calculate the 
modulus. Both indentation and indent characterization can be achieved with an AFM [211, 284, 
285]; alternatively, the indent can be produced with a small sphere placed on the surface of the 
hydrogel, with the indent geometry being measured by optical coherence tomography [286]. It 
should be noted that the Hertz contact model is limited by the assumption that the sample is 
uniform and homogenous, and by the requirement that the Poisson’s ratio also has to be known 
(or, more likely, estimated). Indentation tests measure the material characteristics of the area 
immediately surrounding the indent, while tensile tests characterize the behavior along the entire 
length of the sample. Values of Young’s modulus can vary from kPa as measured via indentation 
tests to MPa as measured via tensile tests performed on the same material [287].  

The properties of the culture substrate are also important. When cell response is the 
subject of interest, the Young's modulus of the culture substrate should be measured [186, 211]. 
When examining both engineered and native tissue response, especially in dynamic situations, the 
shear modulus is the more useful parameter to measure [227].  

Direct comparisons of materials characterization between laboratories is difficult because 
methods and measured properties are not standardized. Standardizing the test geometry, testing 
conditions, and reported values of material properties for scaffolds will enable laboratory-to-
laboratory comparisons and aid the creation of successful, widely reproducible tissue engineered 
products. Ideally, comparisons with native tissue and the engineered tissue would be reported at 
the same time, as in the study by O’Leary et al.[197], to facilitate property matching. 
 
7.5.3Porosity 
While not explicitly mentioned earlier, the porosity of scaffolds (with or without cells) also 
impacts the material properties described in previous sections, as well as downstream potential 
for cell integration. Pores may be introduced by incorporating a porogen (such as salt or a 
degradable polymer [227, 288, 289]) during the gel formation process, freeze-drying [290, 291], 
gas foaming [292, 293], or as a natural occurrence during scaffold formation (electrospinning) 
[186]. In addition to impacting the mechanical properties of the scaffold, the pores also facilitate 
space for cell seeding and cell migration throughout the scaffold [205, 294]. Vascular cells that 
have been cultured in extremely porous hydrogels are often highlighted as forming vascular-like 
structure. However, it is not clear if the pores actually facilitate angiogenesis, or if the vascular-
like structures are a non-physiological artifact observed from the underlying circular shape of the 
pore to which the vascular cells adhere [131]. 

Porosity characterization is accomplished using a variety of imaging techniques. The 
micro-architecture of scaffolds is often visualized with SEM [288, 289, 291-293] or ESEM [290, 
295]. AFM reveals small features in gels as well as enabling characterization of elastic modulus 
of certain scaffolds [211]. Images obtained with these methods reveal a porous architecture 
wherein the hydrogel resembles a continuous mesh of fibrils.  

SEM images are also frequently used in the measurement of pore size, with pores ranging 
from a few microns to hundreds of microns in diameter [289, 296] depending on scaffold material 
and preparation method [294, 297]. Void fraction may be estimated using data from SEM images 
[288], by liquid displacement [292], or by comparing the theoretical solid density to the porous 
density of the scaffold [298]. Larger pores are visible using phase contrast [227] and confocal 
microscopy [295] in some situations, such as in the case of porous PLLA sheet generated through 
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salt leaching (unpublished observations). While both SEM and AFM enable high resolution 
imaging of the hydrogels, these imaging techniques require processing that may introduce 
artifacts intro the image and, thus, the data. On the other hand, ESEM permits the hydrogels to be 
seen in a saturated environment, albeit at a lower image resolution than is obtained with 
traditional SEM [295]. 
 

7.6 DISCUSSION 
 
 

In this review, we highlight the material scaffolds used for generating microvascular 
networks in vitro.  Current methods incorporate either hydrogels (including 3D printing and 
patterning techniques), or electrospinning of materials. Unmolded hydrogels with tunable 
stiffness are ideal for studying a monoculture of cells within a 3D environment. However, molded 
or 3D printed or patterned hydrogels, created through lithography or bioprinting techniques, 
respectively, may provide the best promise for establishing more complex multi-cellular tissues in 
vitro. Microfluidic chambers composed of hydrogels within a PDMS device are able to achieve 
perfusion – primarily due to the accessibility of the non-gel regions where fluid enters the 
microfluidic chamber and subsequently the vascular network [155, 156, 178, 190]. However, the 
existing vascular network sizes are small and housed completely within a PDMS device, and the 
PDMS channels, rather than biological vessel-like materials, are providing the perfusion fluid. 
Moreover, one can imagine that the handling of the fragile gel housed within the microfluidic 
chamber – required in order to transfer the vascular networks into a larger engineered tissue – 
would be difficult at best, and needs further development before microvascular tissues could be 
available for therapeutic practice. 

Unfortunately, bioprinted cells within a 3D gel are not currently perfusable at all. This is 
predominantly due to the lack of cell-to-cell adhesions required for a functional vascular network, 
but advances in this field are currently underway in a number of laboratories [242, 251, 252]. 
Based on state-of-the-art technologies, microvasculature created within microfluidic devices 
offers a more promising solution for repairing small tissue defects, while bioprinted tissues and 
organs may be more applicable to generating larger tissues and vascular grafts.  

Other complications in the delivery of tissue engineered scaffolds include the handling 
and transfer of engineered materials. Hydrogels are easily damaged while they are being handled, 
which impedes the measurement of strength and toughness [299], i.e. parameters that quantify the 
resistance to failure.  It can be difficult to make meaningful comparisons between the properties 
reported in different studies, because some authors refer to strength when they have actually 
measured stiffness. The mechanical properties that are used to describe various aspects of 
resistance to deformation and failure are defined formally [300] in the terminology of materials 
science and engineering.  The language has (unfortunately) become less rigorous in the 
biomaterials literature, where there is a tendency to use terms such as "stiffness", "hardness" and 
"strength" interchangeably. Further complications are introduced by the multitude of methods 
used to determine the modulus of interest [301]. Storage modulus, loss modulus and/or elastic 
modulus are commonly but not consistently quoted; they are not equivalent. The first two are 
often determined by rheometric methods, and the last by tensile testing or indentation 
measurement, again pointing to the need for a more rigorous standard of characterization for 
materials. 

Maintaining the integrity of the engineered tissue during transfer offers a unique 
challenge for medical personnel to consider when products are developed for clinical trials. 
Transfer of large cell volumes is possible through injection of hydrogels (E ~ 63-120 kPa) that 
may solidify at body temperature [302, 303]. However, these gels do not mimic physiological 
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tissue (they cannot sustain the same amount of deformation without tearing), and cell viability 
after delivery is low (25%) [304]. In contrast, electrospun nets are more robust to deformation 
(e.g. E ~ 7.5-14 MPa [305]; detailed review in [306]), more easily handled, and often suturable 
[307], but they can exhibit limited cell adhesion [257, 308], and their exact contributions to 
controlling cell behavior are unknown.   

For some applications, integration of a hydrogel and a fibrous matrix has been proposed 
in order to make use of the high cell delivery available in the hydrogel and the mechanical 
strength available from the electrospun or acellularized fibrous tissue [301, 309]. Advances in 
composite materials have incorporated electrospun fibers with hydrogels to combine the superior 
mechanical properties of the former with the cell-friendly environment of the latter [310]. Other 
approaches also include the generation of double network (interpenetrating) gels that exhibit 
much high mechanical robustness than “traditional” single network gels [311, 312].  

The field of research that seeks to create functional microvascular tissue offers an 
interesting bridge between polymer science and bioengineering, and promises fertile ground for 
collaboration. Future endeavors for scaffold-based organ engineering will require at least one – 
but probably many – of the techniques described above to be used for building large-scale 
implantable tissues. The combination of technologies may optimize treatment for wound healing 
of ischemic tissue or muscle defects. 

 
 

7.7 REVIEW HIGHLIGHTS 
 
 
1. Functional microvascular networks have been generated using hydrogels alone and in 

combination with µFD. They are excellent models for use in therapeutic research. 

2. Hydrogels can be tailored in their formulation and the composition of their component fibers, 
enabling control of mechanical properties and degradation rates. 

3.  The field of tissue engineering needs increased standardization in methods of mechanical 
property characterization, specifically in softer materials for comparison with native tissue.  

4.  Bioprinted (cellularized) hydrogels may reconstruct native tissues and organs as printers 
advance in complexity. Printed tissue constructs currently lack the intricacies of cell-cell 
adhesions and complex ECM microenvironment after initial printing, and therefore are not 
immediately functional.  

5. Electrospun meshes provide a quasi 3D environment in combination with an increase in 
material stiffness compared to hydrogels. These meshes are crystalline to a degree that 
depends on the material and conditions used for spinning. Crystallinity may alter cell fate and 
contribute to initial FAC formation, but has yet to be explored thoroughly. 

6.  Acellularized tissues are an attractive source of scaffolding material due to the preservation of 
native ECM components, architecture, and growth factor storage while maintaining 
mechanical properties similar to those of native tissue.  

	   	  



	  

81 

CHAPTER 8. 
 

FINAL SUMMARY 
 
 
8.1 Conclusions. Over a hundred thousand people are currently on the organ transplantation list 
[1]. Of those, only twenty thousand are expected to receive transplants. Advances in biomaterials 
support development of engineered tissue for therapeutic replacement. Adequate numbers of a 
patient’s own cells are difficult to obtain for therapeutic expansion from the required organ due to 
patient health or the inherent fragility of the organ such as the heart or lungs [5]. ESC are a potent 
source for generating large numbers of cells for therapeutic application due to the unlimited 
proliferation potential and ability to differentiate into any cell type in the adult body. Induced 
pluripotent stem cells that resemble ESC proliferation and differentiation capabilities have been 
generated through various means that reprogram them to a “stem cell” state.  
 For my dissertation, I wanted to contribute to alleviating the organ donation shortage. 
Engineered tissues, specifically, metabolically active tissues, require a function vascular system 
to develop, survive, and integrate successfully with the recipient. Generation of these vascular 
networks requires pure populations of endothelial cells, which the McCloskey lab generates from 
ESC in a serum-free environment. Analyzing the differentiation process of ESC-EC in serum-free 
environments enables us to identify single factors that influence fate and behavioral decisions. 
Most of the work presented here focuses on the generation of VPC from ESC. To understand 
when VPC make crucial fate decision, I developed a novel embryonic stem cell line that 
expresses GFP under the Tie-2 promoter and RFP under the αSMA promoter (Chapter 2). I was 
able to isolate and expand four cell lines total – three lines expressed both reporters and one line 
expressed only Tie-2 GFP.  
 I used two of these lines (A3 and B2), in addition to a commercially available mouse 
ESC line (R1), to optimize the differentiation of an ESC into a VPC and then into EC and SMC. 
Factors that controlled and affected the generation of VPC were clearly identified (Chapter 3). 
Variables that affected generation of mature EC significantly were less obvious and statistical 
analysis was used to determine significance between variables. Traditionally, VEGF has been 
considered the deciding factor for vascular cell fate. However, for both VPC and EC generation, 
VEGF did not influence fate decision significantly. During Stage 1, time and initial cell seeding 
density were significant factors that affected VPC differentiation. Only low or high levels of 
bFGF supported endothelial differentiation for A3 and R1 cell lines. Data for the B2 lines was not 
conclusive (not presented). This optimization process was also performed with human H7 and 
H9s. Statistical analysis of hESC-EC generation suggests that H7 and H9 differentiations are 
affected more by matrix and the inclusion of bFGF rather than exposure to VEGF. Gene 
expression results from cellular adhesion microarrays also highlighted differences between high 
and low initial cell seeding densities and offer avenues for future work. The lack of significance 
in VEGF signaling suggests that the cells may have high levels of endogenous VEGF or require 
another biochemical signal to activate traditional VEGF differentiation pathways. Serum 
containing conditions, and their multitude of poorly understood growth factors, may be more 
sensitive to the inclusion, or exclusion, of VEGF.  
 The next chapter (Chapter 4) was inspired by immobilized growth factor and stable long-
term growth factor release. Fibronectin contains two natural binding sites for VEGF, where cells 
may contact the molecules directly. By placing VEGF within the matrix, cells encounter VEGF 
directly within their microenvironment. High expression rates of Flk-1 under all conditions for 
VPC generation suggested that the A3 cell line had been over exposed to VEGF. As a result, Flt-1 
receptors were expressed on the surface of the cells to sequester VEGF. The differentiation 



	  

82 

studies suggest that endogenous pathways within ESC will prevail over artificial attempts to 
control differentiation and development in the unnatural (non-native?) tissue culture plate. 
 The next two chapters focused on smooth muscle cell fate (Chapter 5) and microvascular 
network formation (Chapter 6) respectively. This work hinted at trends for smooth muscle 
differentiation, but was largely insignificant and, therefore, inconclusive. The microvascular 
network data was also preliminary and will be investigated more thoroughly by other researchers 
in the laboratory.  
 
8.2 Future Work 
8.2.1 Temporal Signaling of Biochemical cues for VPC and EC specification. Time was the 
most important factor for generation of VPC (Chapter 3). Addition of growth factors at different 
intervals was not investigated. BMP-4 was only incorporated into Stage 1 and may be necessary 
in Stage 2 after sorting for Flk-1 progenitors. Other studies suggest that bFGF inhibits 
differentiation of ESC [41], and as a result, cultures may benefit from exposure to bFGF after the 
peak of Flk-1 expression. In addition, time-lapse microscopy of either the A3 or B2 cell line may 
aide in determining when cells make their fate decisions based on the addition of extra growth 
factors. 
 
8.2.2 Cell Adhesion Molecules that Contribute to VPC and EC Differentiation. Preliminary 
microarray data based on cell adhesion molecules presents possible proteins that determine cell 
fate. Cell-cell communication and its role in differentiation is difficult to control, and therefore, 
not well understood. Plakophillin 1 (Pkp1) was the most highly upregulated gene compared to 
ESC and had almost a 70-fold difference in gene expression between low and high cell seeding 
densities. This gene is associated with desmoplakin, another gene that was highly upregulated. 
The Pkp1 protein is responsible for linking cadherins to the cytoskeleton of the cell [313] and 
may determine other gene expressions associated with endothelial cell differentiation. In addition, 
the inherent preference for R1 to differentiate into EC and A3 to differentiate into SMC may 
indicate endogenous signaling and growth factor secretion by these cells that limits the effects of 
external stimuli from being observed. 
 
8.2.3 Microfluidic Device Conditions. Preliminary data suggests that certain lots of ESC-EC are 
more capable of forming vessel-like structures within the microfluidic devices. Future 
experiments should examine how the presence of normal human lung fibroblasts (NHLF), either 
seeded directly in the gel or in separate gel regions, affects vessel formation. In addition, the 
current set of experiments suggest that the cells degrade the hydrogels within 4 days. The stability 
of the hydrogels may be aided by increasing the concentration of fibrinogen, collagen, thrombin, 
or by the preparation of the fibrinogen within a salt solution [314]. Higher concentrations of 
thrombins have been shown to play a larger role in fibrin formation and stability [314]. Thus far, 
only VEGF and bFGF have been used within the media. The concentrations of these growth 
factors have yet to be optimized. The addition of other growth factors such as interleukin-3 and 
stem cell factor may also aide in vessel formation.  
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A. Appendix A: Chapter 2 Supplemental Figures 
 
 

Figure A1: Flow chart of the stage-specific differentiation used to obtain mature ESC-EC in 
chemically defined conditions. Stage 1 was optimized for the induction of ESC towards 
mesoderm, specifically Flk-1+ vascular progenitor cells. Stage 2 induces further differentiation of 
the Flk-1+ cells into vascular cell derivatives. 
 

 
 
Figure A2: The ESC marker Oct 3/4 declines as ESC differentiate. Under optimal conditions 
for differentiation of ESC to Flk-1+ cells, Oct 3/4 undergoes a marked decrease from day 2 to day 
3, as Flk-1 expression peaks and is sustained in both A3 and B2 mESC.  
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Appendix B:  
Chapter 3 Supplemental Tables 

	  
	  
Table B – 1: A3 mESC differentiate into vascular progenitor cells on fibronectin or collagen IV. 
Time and density each significantly affect the differentiation process, while overall VEGF 
concentration does not influence the expression of Flk-1. 

Collagen IV 
Overall Effect of Day P-Value 

Kruskal Test 3.5E-7*** 
Wilcoxon Tests P-Value 

Day 1 to 2 0.0058** 
Day 1 to 3 2.9E-7*** 
Day 1 to 4 0.0029** 
Day 2 to 3 0.0036** 
Day 2 to 4 0.94 
Day 3 to 4 0.00013*** 

Overall Effect of Density (x 1000) 

 
P-Value 

P-Value 0.00020*** 
Wilcoxon Tests P-Value 

1 to 5 0.017* 
1 to 10 0.00058*** 
5 to 10 0.064 

Overall Effect of VEGF (ng/mL) 
Kruskal Test 0.54 

Wilcoxon Tests P-Value 
0 to 10 0.81 
0 to 20 0.58 
0 to 30 0.33 

10 to 20 0.49 
10 to 30 0.18 
20 to 30 0.43 

 

Fibronectin 
Overall Effect of Day P-Value 

Kruskal Test 0.0026** 
Wilcoxon Tests P-Value 

Day 1 to 2 0.12 
Day 1 to 3 0.00014*** 
Day 1 to 4 0.011* 
Day 2 to 3 0.06 
Day 2 to 4 0.72 
Day 3 to 4 0.14 

Overall Effect of Density (x 1000) 

 
P-Value 

Kruskal Test 0.048* 
Wilcoxon Tests P-Value 

1 to 5 0.43 
1 to 10 0.018* 
5 to 10 0.088 

Overall Effect of VEGF (ng/mL) 
Kruskal Test 0.85 

Wilcoxon Tests P-Value 
0 to 10 0.69 
0 to 20 0.72 
0 to 30 0.84 

10 to 20 0.37 
10 to 30 0.56 
20 to 30 0.78 




