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Summary 

Microenvironmental cues to influence Endothelial Colony Forming Cell fate; 

relevance for in situ vascular tissue engineering 
 

In situ  vascular tissue engineering (TE) has recently been proposed  as a solution to 

obtain off-the-shelf available vascular grafts as substitutes for  small caliber vessels. 

The approach aims at the implantation of a cell-free biodegradable scaffold  that 

stimulates endogenous vascular repair. The scaffold  plays a central role in replacing 

the main tissue functions; in recruiting cells, predominantly from the circulation; and  

in inducing cellular d ifferentiation towards the typical vascular phenotypes: 

endothelial and  smooth muscle cells.  

The aim of this thesis is to investigate the influence of the mechanochemical 

environment, provided  by the scaffold  and/ or the vascular hemodynamics (e.g.. 

shear stress, cyclic strain, substrate stiffness, growth factors), on circulation-derived 

cells. 2D and 3D in-vitro model systems were used  to simulate the d ifferent 

environmental cues that cells will experience upon recruitment in the scaffold . 

As a cell source we concentrate on Endothelial Colony Forming Cells (ECFCs), a 

subpopulation of circu lating cells with endothelial phenotype and  high proliferative 

potential. Interestingly, it was reported that these cells can change their 

d ifferentiation pathway towards a mesenchymal phenotype, a process defined  as 

endothelial-to-mesenchymal transdifferentiation  (EndoMT). First, we confirmed that 

in our hands ECFCs can undergo EndoMT via TGFβ1 conditioning for 14 days  in 

endothelial growth factor (eGF) free medium. This was assessed  by loss of cell-cell 

contact, increased  cell size, upregulation of alpha smooth muscle actin (αSMA) with 

stress fibers formation, and  loss of the endothelial marker CD31. Next, the effect of 

the mechanical environment of the vascular wall (flow and stretch) on EndoMT of 

ECFCs was stud ied . ECFCs were exposed  for 3 days to physiological values of shear 

stress (1.5Pa) or cyclic strain (5%, 1Hz) in 2D independent experiments. Shear stress 

rapid ly (< 24 h) induced  cell orientation and  cytoskeletal organization parallel to the 

flow direction, while cyclic strain resulted  in cell remodeling perpendicular to the 

strain d irection, albeit at a slower rate (48-72 h). In both cases, cells retained  an 

endothelial phenotype independently of the presence of EGFs or TGFβ1. The 

influence of prolonged straining (14 days) on ECFC phenotype was studied  by 

seeding ECFCs in 3D fibrin gels subjected  to static and  cyclic strain. Again, cells d id  

not show signs of EndoMT, even in the presence of TGFβ1, but they produced 

distinct amounts of extracellular matrix contributing to tissue formation. 

Finally, the effects of 2D substrate stiffness and  3D scaffold  a rchitecture on ECFC 

behavior were studied . ECFCs were grown on polyacrylamide gels with stiffness 
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ranging from 3-80 kPa and  compared  to cells grown on glass (>1GPa). Stiffer 

substrates showed enhanced  cell adhesion and  proliferation, while preserving 

endothelial phenotype and  producing collagen type III and  IV. The use of stiff 

polymeric materials for scaffold  manufacturing will prove beneficial for endothelial 

linings in vascular TE. Scaffold  architecture was tuned  by using electrospun scaffolds 

with fiber d iameters ranging 2-10 µm. Human umbilical vein endothelial cell 

(HUVEC) and ECFC response to the d ifferent fiber d iameters was characterized  from 

cytoskeleton organization, because cell shape is one of the main regulators of cell 

functionality. Moreover, cell d ifferentiation markers CD31 and αSMA, and  collagen 

(type I, III, and  IV) production  were also evaluated . Both cell types grew on top of the 

2 µm-fiber scaffolds with cobblestone morphology, CD31 expression and  hard ly any 

cell infiltration. When cultured  on scaffolds with 5 to 10 µm fiber s, homogeneous cell 

infiltration occurred  and  a markedly d ifferent behavior between HUVEC and ECFCs 

attached  to the fibers was detected . HUVECs expressed  CD31 and developed a 

cytoskeleton organized  circumferentially around the fibers, with collagen alignment 

in the same d irection. ECFCs, instead , aligned  the cytoskeleton along the scaffold  

fiber axis and  deposited  a homogenous layer of collagen covering the fibers; 

moreover, a subpopulation of ECFCs gained  the αSMA marker and  elongated 

morphology. The results presented  in this study showed that ECFCs do  not behave 

like mature endothelial cells in a 3D fibrous environment.  

In conclusion, the results of this work indicate that d ifferent microenvironments affect 

cell function and  behavior. In light of this conclusion, scaffold  design plays a crucial 

role in controlling cell behavior. Electrospinning proved to be a good method for the 

manufacturing of scaffolds, since it allows for easy tuning of fiber d imension and , 

therefore, pore size. However, we have demonstrated that d ifferent types of cells can 

show d istinct response to a similar scaffold  environment. This result suggests that 

each design parameter of a scaffold  should  be tested  for the target cell source  by 

using in vitro model systems. Future studies should  focus on  the regulation of early 

cell infiltration by means of (functionalized) scaffolds tailored  to modulate the  

immune response. 
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1.1 Preface 

Ischemic heart d isease is one of the most common causes of death worldwide and  

results from insufficient blood flow to the heart caused  by the occlusion (stenosis) of 

the coronary arteries. Coronary and  peripheral artery function can be  affected  by the 

formation of atherosclerotic plaques, caused  by chronic inflammation of the vessel wall 

with accumulation of inflammatory cells (e.g. white blood cells and  macrophages) 

and  deposition of cholesterol and  calcium. Similar occlusion occurs when cells 

respond to an injury in the vessel by increasing their proliferation and  collagen 

production, leading to intimal hyperplasia that protrudes into the vessel lumen, 

limiting or blocking the blood flow. The area of card iac muscle that has reduced , or 

zero, flow will d ie within few hours due to lack of blood supply, becoming infarcted . 

The current gold  standard  solution for this pathology is surgical bypass, a procedure 

that restores the blood flow to the ischemic tissues by using autologous vessels (eg: 

vena saphena or mammary artery) to overcome the occlusion. However, not all the 

patients have vessels suitable to be used , due to previous harvests or d iseased  tissues. 

While synthetic vascular grafts are already widely used  for large caliber blood vessels 

(with internal d iameter larger than 5 mm), they are known to fail due to thrombus 

formation and  occlusion in small caliber vessels [1], such as the coronary arteries [2,3]. 

Moreover, non-occlusive substitutes may be also beneficial as vascular access for 

patients in hemodialysis when the natural vasculature does not permit the formation 

of a fistula. In fact, the current synthetic grafts used  as arteriovenous shunts are prone 

to occlusion. In the medical field  there is, therefore, a crescent need  for readily 

available vascular substitutes to be used  as blood vessel replacement, coronary 

bypass, and  arteriovenous shunt [2,3]. 

In this thesis we suggest a possible approach to obtain functional vascular grafts for 

small caliber artery replacement via in situ  vascular tissue engineering (TE). The aim 

of this chapter is to provide the reader with background information on structure and  

function of blood vessels, concentrating on small caliber arteries, and  on the concept 

of vascular TE, with emphasis on the novel in situ  approach. 

 

1.2 Structure and Function of Blood Vessels  

Blood vessels are important organs of our body that form the vascular system. They 

provide oxygen, nutrients and  hormones to all the d ifferent tissues, and  they help to 

clear waste products, and  regulate the body temperature. The vascular system 

consists of d ifferent types of blood vessels with a specific role and  function 

depending on the part of circulation they belong to:  

 arteries: to transport blood from the heart to the tissues at high  pressure (80-120 

mmHg, 10-16 kPa); 
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 arterioles: last branches of the arterial system, to dynamically control the release 

of blood to the capillaries in response to the needs of the tissues; 

 capillaries: to exchange nutrients, oxygen, and  other substances between the 

blood and  the interstitial fluid  of the tissue; 

 venules: to collect back the blood from the capillary network; 

 veins: to transport the blood from the tissues back to the heart at low pressure 

(0-20 mmHg, 0-2,6 kPa).  

Blood vessels are characterized  by concentric layers of cells and  extracellular matrix 

(ECM). The walls of blood vessels consist of three layers (Figure 1.1), with the 

exception for capillaries, where only the first layer combined  with ECM is present.  

The tunica intima, that lines the lumen of the vessel, consists of a confluent layer of 

endothelial cells (ECs) that covers the entire circulatory system forming the 

endothelium, provid ing an anti-thrombogenic surface. The endothelium  lays on the 

basal membrane, a layer of loose connective tissue, rich in collagen type IV, laminin, 

and , for arteries, also in elastin , that forms the internal elastic lamina (Figure 1.1.A). The 

second layer is known as the tunica media and  contains mainly smooth muscle cells 

(SMCs) (Figure 1.1 B). These cells are oriented  circumferentially, and  are capable of 

regulating the vessel d iameter by changing their muscular tone. The cellular 

d istribution and  matrix component of this tunica varies in relation to vessel type. 

Arteries are characterized  by a thick tun ica rich in elastin and  collagens (type I and 

III), and  populated  by SMCs. This organization makes the vessel able to withstand 

large fluctuation of blood pressure. In veins the elastic component is almost negligible 

and  the amount of SMCs is reduced , determining a thinner media layer than in 

arteries. Finally, the last tunica is the adventitia, a fibrous connective tissue, which 

ensures blood vessel strength, rich in collagens (type I and  III) and  populated  by 

fibroblasts. Other ECM components are also fou nd, albeit in lower amounts, in the 

vessels: fibronectin and  collagen type V and VII help  in further reinforcing the vessel, 

while microfibrils, fibrillin, glycoproteins, and  proteoglycans have a more prominent 

role in controlling cell adhesion and  function [5].  

Small caliber arteries are defined  as muscular, or d istributing, arteries with a three 

layered  structure characterized  mainly by the media layer. In small d iameter arteries, 

the tunica media is relatively thick compared to other arteries, since it is characterized  

by the presence of SMCs to control vessel constriction. Proliferation, phenotypic 

modulation, and  organization of SMCs are here determined  by the presence of elastic 

fibers that stabilizes the arterial structure [5].  
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1.3 Hemodynamics 

The capability to maintain an adequate blood flow is necessary for the supply of 

oxygen and  nutrients and , therefore, to sustain life. Due to the beating heart, it is 

possible to d istinguish two major hemodynamic forces, known as blood flow and 

blood pressure.  

Blood flow is defined  as the actual volume of blood passing a given area (e.g.: a vessel, 

organ, or the entire circulation) in a given period  of time. The beating heart 

establishes an average blood flow of 5 L/ min that, in resting conditions, is relatively 

constant. However, the local blood flow at tissue level may vary, for example, in 

response to the organ needs. Vascular cells are able to mon itor the amount of 

nutrients and  oxygen within the tissue and , via constriction or d ilation, are able to 

control the local blood flow. At the same time, blood flow is one of the main 

regulators of EC behavior [6]. In fact, blood flows within the tubular structure of the 

vessel and  exerts shear stress (SS) tangential to the vessel wall. The velocity profile in 

the vessel and  the viscosity of the fluid  determine the amount of SS to which the ECs 

are exposed  [7]. In vitro studies show that ECs undergo changes in morphology, 

cytoskeleton organization, ion channel activation, and  gene expression in response to 

SS [8]. Differences in blood flow also explain the remarkable heterogeneity, both in 

structure and  in function, d isplayed  by ECs in relation to their location in the vascular 

system. Arterial ECs are elongated  along the pulsatile flow direction, while vein ECs 

present a characteristic cobblestone morphology, being exposed  to lower SS [9]. 

Due to the pulsatile nature of blood flow, the blood pressure fluctuates between 

maximal (systolic) and  minimal (d iastolic) values that vary through the systemic 

circulation, from 80-120 mmHg (10-16 kPa) in the aorta, down to 0 mmHg in veins. 

Next to SS, also blood pressure affects vascular cell behavior since it creates a 

circumferential stretch  of the vessel wall [7]. The mechanical cue that arises from the 

periodic change in vessel wall d iameter as a result of pulsatile blood pressure is 

defined  as cyclic strain (CS). CS can induce changes in vascular signaling, tone and  

remodeling by influencing SMCs behavior and  contractility [10]. 

Hemodynamic forces, which d iffer between vessels depending on the part of the 

circulation they belong to, are largely responsible for the d ifferences in the layered  

structure of veins and  arteries. Alteration in blood flow influences cellular 

proliferation as well as vascular remodeling, thus influencing wall thickness and  

vessel d iameter in an attempt to stabilize the SS level to approximately 1.5 Pa fo r the 

arteries [11]. Moreover, being exposed  to a harsh mechanical environment (blood 

pressure of 50-120mmHg or 6.6-16 kPa), arteries can weaken with aging, losing their 

elasticity, and  be subjected  to damages and  d ilation  [11]. In veins, instead , the SS (0.1-

0.6 Pa) and  blood pressure are lower (0-20 mmHg or 0-2.6 kPa) and  their walls can be 

thinner, without the risk of bursting, than corresponding arteries.  
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In vitro studies of hemodynamic factors represent a situation where the response of 

vascular cells to a well defined  mechanical environment can be stud ied . Although not 

representative of the in vivo environment, in vitro analysis can provide fundamental 

knowledge about the effects of p hysiological or abnormal hemodynamics on vascular 

cells, giving insights into the causes of card iovascular d iseases [12].  

 

 

 

 
 

Figure 1.1: Schematic drawings of an artery. A) Tubular structure with three concentric layers: the tunica 

intima, media, and adventitia. B) Scheme of an hystological cross-section to highlight the main cell components of 

the layers: endothelial cells, smooth muscle cells, and fibroblasts (adapted from [4]). 

 

 

 

1.4 Vascular tissue engineering approaches 

Each year, an increasing number of vascular substitute procedures for coronary artery 

bypass or arteriovenous shunts are performed . Synthetic vascular prostheses, such as 

those in polyethylene terephthalate and  polytetrafluoroethylene, are not suitable as 

small caliber artery replacement due to their thrombogenicity and  poor elasticity and 

compliance [13]. Vascular TE has been proposed  as an alternative solution to obtain 
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functional vascular grafts as substitutes for small caliber arteries when autologous  

tissue is unavailable and  current synthetic prostheses fail. A tissue engineered 

vascular graft (TEVG) can be obtained  by seeding autologous cells (such as 

endothelial and  smooth muscle cells, harvested  from a piece of a patient’s vessel) onto 

a tube-shaped biodegradable material (vascular scaffold). The scaffold  has to provide 

initial mechanical support, sites for cell adhesion, and  space for tissue growth. 

However, to obtain an autologous graft, this approach requires a preliminary surgical 

procedure to harvest patient cells, and  a long and  expensive period  of pre-culture 

before implantation (2-3 months). These aspects limit the availability of the graft for 

emergency, induce risks of infection, and  increase the final costs of the product.  

To significantly reduce time, costs, and  risks of graft preparation, two new 

approaches have been introduced: the decellularization and  the pre-cellularization 

method. The first approach aims at creating a TEVG in vitro by using allogenic cells 

cultured  in the vascular scaffold . Upon tissue formation, the construct is 

decellularized  to remove the entire cellular component. The result of this approach is 

a non-immunogenic biological vascular graft that can be stored  until use. A 

decellularized  TEVG, once implantated , is able to sustain the mechanical 

environment, retain patency, and  inhibit intimal hyperplasia [14]. The second  

possibility is the use of easy accessible autologous cell source (e.g.: bone marrow 

derived  mononuclear cells – BM-MNCs) to be seeded  on the vascular scaffold  just 

before implantation. This method has been successfully used  for animal as well as in 

a clinical trial [15,16]. However, recent studies performed in a mouse model proved 

that the pre-seeded cells leave the construct within a week from implantation. Even 

though they do not differentiate into vascular cells, pre-seeding of BM-MNCs still 

plays an important role in neovessel formation, acting as regulator in host cell 

recruitment via paracrine effects (e.g.: secretion of cytokines and  growth factors). 

Those newly recruited  cells are involved  in vessel regeneration in a n inflammation-

mediated  process [17]. 

Recently, the novel approach of in situ  vascular TE based  on the use of synthetic 

scaffolds has generated  a great deal of interest among scientists. This approach aims 

at the creation of off-the-shelf available synthetic vascular grafts that, upon 

implantation, will stimulate the endogenous vascular repair, without pre-

cellularization. The synthetic scaffold  plays a central role in replacing the main tissue 

functions: recruiting cells, predominantly from the circulation , and  inducing cellular 

d ifferentiation towards ECs and  SMCs.  Already in 2004, cell-free (bare) scaffolds 

made of a combination of biodegradable polymers, both synthetic and  biological, 

were implanted  in a dog model [18,19]. Further studies (Table 1.1) proved that a 

functional vascular tissue can be obtained  via implantation of bare scaffolds that, 

subsequently, are repopulated  by cells d irectly in vivo, at the site of implantation  

[20,21]. 
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Table 1.1: overview of studies addressing in situ vascular tissue engineering. Synthetic or biological porous 

scaffolds are implanted into different animal models to investigate vessel recellularization, tissue formation, and 

vascular functions.  

 

Scaffold 

material and 

geometry  

Model 
Site and duration of 

implantation 
Results Ref 

PGA+PLLA+Col 

patch 

 

porcine descending aorta and  

pulmonary artery; 

1, 2 months 

recellularization, 

endothelialization, SMC 

organization 

complete scaffold  adsorption  

[18] 

PGA+PLLA+Col 

tubular, internal 

d iameter 4 mm 

dog coronary artery 

2, 4, 6, 12 months 

increased  patency compared  

to ePTFE grafts 

endothelialization, SMC 

organization 

tissue formation 

[21] 

Hyaluronan 

tubular, internal 

d iameter 2 mm 

pig carotid  artery 

1, 2, 3, 4, 5 months 

intimal hyperp lasia and  

lumen occlusion 

endothelialization and  SMC 

organization 

elastin layered  organization  

complete scaffold  

readsorption 

[22] 

PGA+P(CL+LA) 

tubular, internal 

d iameter <1 mm  

mouse inferior vena cava 

3, 6 weeks 

patent with organized  matrix 

macrophage infiltration 

initiated  tissue formation  

[23] 

PGA+PLLA+Col 

tubular, internal 

d iameter 10 mm 

pig descending aorta 

1, 2, 4, 6, 12 months 

patent, endothelialization and  

SMCs organization  

collagen prod uction but no 

elastin 

[20] 

PGS+PCL 

tubular, internal 

d iameter <1 mm  

rat abdominal aorta 

14, 28, 90 d ays 

fast remodeling in fast 

degrad ing scaffolds 

endothelialization and  SMC 

organization 

native-like mechanical 

properties 

[24] 

PGA : poly glycolic acid ; PLLA : poly-L-lactic acid ; Col: Collagen type I; PCL: poly-ε -caprolactone; PGS: 

poly glycerol sebacate. 
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Despite the promising data obtained  in these studies, it is still necessary to further 

investigate the mechanisms of in situ  vascular TE. In fact, some of the limitations of 

these stud ies, such as lumen occlusion by intimal hyperplasia [22] and  lack of elastin 

in the ECM [20], impair the functionality of the neo-formed tissue. These drawbacks 

may be related to the heterogeneous cell mixture that will repopulate the scaffold  

upon implantation. The studies presented  in Table 1.1 focus mainly on the 

development of innovative biomaterials without investigating the scaffold  effects on 

in vivo cell recruitment, a fundamental aspect in controlling neo-tissue formation. 

The possibility to induce specific cell recruitment in the scaffold  (e.g. by mean of 

bioactive molecules) is one of the new challenge for in situ  vascular TE approach. We 

believe that to optimize this approach, it is important to focus on the interactions 

between the scaffold  and  the cells that will repopulate the graft upon implantation. In 

particular, we hypothesized  that by identifying a specific cell source to be selectively 

recruited  in the scaffold , it would  be possible to have a better  control of neo-tissue 

formation. 

Optimization of the in situ  vascular TE approach should  be, therefore, developed 

considering these two fundamental aspects: the cell source to be recruited  in the 

scaffold , and  the effects of the microenviromental cues on these cells, including both 

physical and  biochemical stimuli (Figure 1.3). The candidate cell source for this 

approach should  be easily accessible at the site of implantation, having intrinsic 

vascular characteristics, and  high proliferation rate. Moreover, it should  be able to 

withstand  the hemodynamic forces and  prod ucing ECM components to restore vessel 

integrity. Upon recruitment in the scaffold , the cells will be exposed  to d ifferent 

environmental cues. In this thesis we particularly d istinguish between biochemical 

cues (e.g.: growth factors, chemokines, proteins, peptides) and  physical cues (e.g. 

shear stress, cyclic strain, substrate stiffness, scaffold  architecture). Both types of 

stimuli can be intrinsic at site of implantation (e.g. secretion of growth factors by 

resident cells, hemodynamic forces), as well as tunable properties of the scaffold  (e.g. 

addition of selective peptides, optimization of scaffold  architecture). 

The work presented  in this thesis proposes the use of a specific type of cell as possible 

candidate for the in situ  vascular TE method. We hypothesized  that the selective 

recruitment of circulation-derived  progenitor cells will have beneficial effects on 

vascular tissue formation. To confirm our hypothesis, systematic studies on this cell 

source need  to be performed. The effects of both biochemical and  mechanical cues on 

cell behavior are evaluated  and  the relevance of this cell source for in situ  vascular TE 

d iscussed .  
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Figure 1.2: Description of the two key aspects for controlled in situ vascular tissue engineering. Firstly, the 

identification of a candidate cell source at the site of implantation, able to restore the vessel integrity (e.g.: 

circulating progenitor cells in the blood). Secondly, the characterization of the relevant microenviromental cues: 

physical stimuli, provided at the site of implantation (e.g.: shear stress and cyclic strain), and by the scaffold (e.g.: 

scaffold stiffness and architecture); and biochemical stimuli, determined by scaffold functionalization (e.g.: 

biomolecules applied on the scaffold) and secreted growth factors. 

 

 

1.4.1 Cell source 

Compared  to the traditional in vitro vascular TE, where adult cells (i.e.: ECs and  

SMCs) are harvested  from a patient’s vessel, the cell source available for the in situ  

approach should  be present at the site of implantation. Considering the vascular 

environment, cell sources that can be potentially recruited  in the graft may derive 

from the tissues surrounding the scaffold  and / or from the blood stream.  

Adult human d ifferentiated  cells, such as resident ECs and  SMCs, have low m igration 

and  proliferation potential and  are therefore not suitable to populate the graft and 

restore blood vessel integrity [25]. The scaffold , however, will be in contact also with 

other cells, such as the circulating cell fraction in the blood. Among them, monocytes 

are one of the first cell types to infiltrate in the graft. Upon adhesion, monocytes 

d ifferentiate towards macrophages that play an important role in scaffold  remodeling 

[24,26]. Similarly, fibrocytes are bone-marrow derived  progenitor cells that are 

recruited  into sites of tissue injury, where they participate in inflammatory events. 

Subsequently, they adopt a fibroblastic phenotype to promote repa ir and  remodeling 

[27].  

Blood contains, in the mononuclear cell fraction, also some progenitor cells that are 

hypothesized  to contribute to vascular regeneration by paracrine stimulation of 
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resident ECs and  engraftment into the endothelium [28]. One particular sub-

population of these progenitors is a relevant candidate cell source for selective 

recruitment in scaffolds for vascular TE (Figure 1.2). These cells arise in vitro during 

long-term culture of peripheral or cord  blood mononuclear cells in the presence of 

endothelial growth factors [29,30] and  they are termed endothelial colony forming 

cells (ECFCs) because of their significant clonogenic expansion and  endothelial 

characteristics (morphology, surface marker expression, and  functionality) [29,31,32]. 

Another interesting aspect of these cells is the possibility to induce, in vitro, changes 

in their d ifferentiation pathway. The presence of Transforming Growth Factor β1 

(TGFβ1) in the culture medium can induce cell d ifferentiation towards the SMC 

phenotype [33] via a process defined  as endothelial-to-mesenchymal transition 

(EndoMT), or transdifferentiation. Moreover, previous studies demonstrated  the 

capability of these cells in producing relevant vascular ECM components, such as 

collagen type I [34], to greater extent than ECs [35]. The characteristics of ECFCs are, 

therefore, attractive when considering potential cell sources for in situ  vascular TE. By 

recruiting these cells, it would  be possible to obtain both the vascular cell components, 

ECs and  SMCs, by triggering specific cell (trans)differentiation in the scaffold  [36], as 

well as ECM formation.  

 

1.4.2 Microenviromental cues 

The in situ  vascular TE approach should  rely strongly on strategies to enhance 

functional neo-tissue formation, by promoting cell adhesion and  inducing 

recruitment of host cells capable to restore the tissue integrity by withstanding th e 

hemodynamic forces (Figure 1.2). For this reason, it is important to investigate how 

these cells respond to d ifferent physical and  biochemical cues present at the site of 

implantation, produced by the resident cells as well as determined  by scaffold  

properties.  

The induction of endogenous cell homing may be accomplished  by implanting a 

functionalized  graft at the injury site [37,38]. The biochemical cues introduced  in the 

scaffold  can be released  by the scaffold , to influence cell recruitment, or linked  to the 

scaffold , to modulate cell adhesion  [39]. Biochemical cues, such as growth factors and  

cytokines, can also be secreted  by the resident cells at the site of implantation during 

the inflammatory response, and  they are potential regulators of cell fate via paracrine 

effect, and  responsible for vessel regeneration [17]. 

Upon recruitment, the environment perceived  by the cells can be tailored also by 

scaffold  mechanical properties and  architecture. Substrate stiffness is a known 

regulator of stem cell phenotype with an important role in determining the 

d ifferentiation pathway of the cells [40]. The vascular environment will expose cells to 

shear stress and  cyclic strain, known regulators of vascular cell behavior in terms of 



Chapter 1 

12  

 

morphology, proliferation, matrix production, and  d ifferentiation [41],[42]. Finally, 

scaffold  architecture can influence cell infiltration and  d istribution in the graft [43], 

thus ensuring homogeneous tissue development over time. Various fabrication 

techniques (e.g.: rapid  prototyping, solvent casting, salt leaching), can be used  to 

create d ifferent scaffold  architectures, in terms of porosity, mechanical properties, 

and  final shape. Among the possible methods, electrospinning is commonly used  for 

vascular TE [44–47], since it allows for the production of highly porous, nonwoven, 

3D polymeric fiber structures with fiber d iameter that can be varied  from nano - to 

micro-scale. 

All these factors together play a role in regulating cell fate in the scaffold  and  in the 

development of a functional tissue. Therefore, the study of these parameters in 

relation to a specific cell source can provide important information to determine 

whether a cell source is suitable for the approach, as well as to obtain the design 

parameters for the scaffold .  

 

 

1.5 Rationale and thesis outline 

In order to be successful, the in situ  vascular TE method has to rely on the scaffold  

properties and  on cellular responses to the d ifferent environ mental cues presented  by 

the scaffold . The aim of this thesis is to investigate the influence of the 

mechanochemical environment, provided by the scaffold  and/ or the vascular 

hemodynamics, on circulation-derived  cells. 2D and  3D in-vitro model systems were 

used  to simulate the d ifferent physical and  biochemical environmental cues that cells 

will experience upon recruitment in a scaffold . ECFCs were chosen as candidate cell 

source for this approach, because of their endothelial phenotype, high proliferative 

potential, and  of their possibility to undergo EndoMT. The possibility to recruit and  

d ifferentiate these cells by using innovative scaffold  designs is reviewed  in Chapter 2. 

The capability of ECFCs to undergo EndoMT also in our hands by TGFβ1 

conditioning in endothelial growth factor (eGF) free medium was studied  in 2D 

experiments. Next, the effect of hemodynamic forces (flow and cyclic stretch) on 

ECFCs was studied  in 2D, with or without the addition of biochemical cues, such as 

TGFβ1 and/ or eGFs (Chapter 3). The same biochemical stimulation was used  to 

investigate the response of ECFCs in a 3D environment, consisting of a fibrin gel 

subjected  to static and  cyclic strain, with  focus on matrix organization and  tissue 

composition (Chapter 4).  

After having investigated  the role of hemodynamics, we focused  on the role of 

scaffold  properties on ECFCs. First, ECFCs were cultured  on substrates with d ifferent 

stiffness to determine whether this cue can be tuned  in scaffold  materials to influence 
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cell behavior in terms of matrix production and  EndoMT (Chapter 5). Finally, 

d ifferent 3D porous scaffold  architectures, obtained  via electrospinning, were 

investigated: the role of fiber d iameter on cell infiltration, cell morphology, and  cell 

phenotype was determined  (Chapter 6). In conclusion, Chapter 7 d iscusses the 

findings of the thesis as well as future perspectives on in situ  vascular tissue 

engineering. 

 

 



Chapter 1 

14  

 



 

 

 

 

Chapter 2 

 

Controlling Scaffold Designs and Cell 

Recruitment  For In Situ Vascular Tissue 

Engineering 
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Vascular Tissue Engineering: Controlling Recruitment and Differentiation Behavior of Endothelial 

Colony Forming Cells. Macromol Biosci 2012, 12 (5): 577-590
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Summary 

In situ  vascular tissue engineering has been proposed  as a promising appr oach to 

fulfill the need  for small-d iameter blood vessel substitutes. The approach comprises 

the use of a cell-free instructive scaffold  to guide and  control cell recruitment, 

d ifferentiation, and  tissue formation at the locus of implantation. Here we review the 

design parameters for such scaffolds, with special emphasis on d ifferentiation of 

recruited  endothelial colony forming cells (ECFCs) into the d ifferent lineages that 

constitute the vessel wall.  

Next to defining the target properties of the vessel, we concentrate on the target cell 

source, the ECFCs, and  on the environmental control of the fate of these cells within 

the scaffold . The prospects of the approach are d iscussed  in the light of current 

technical and  biological hurd les.  
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2.1 Introduction  

Diseases of the card iovascular system are the number one cause of death worldwide, 

claiming 17 million lives each year and  accounting for 29% of all global deaths. Due to 

an ever ageing population and  an increase in co-morbid ities, such as d iabetes type II, 

mortality numbers are on the rise to about 23 million a year in 2030. The impact of 

d iseases that are secondary to atherosclerosis or even occlusion of small arteries, such 

as card iac infarction or stroke, illustrates the quest for reliable, and  prefera bly off-the-

shelf- arterial replacements  [48].
 

For large-caliber (internal d iameter > 6 mm) arterial replacements synthetic grafts 

have proven successful in clinical application [49]. These include non-degradable 

grafts consisting of e.g. polyethylene terephtalate, expanded polytetrafluoroethylene, 

or polyurethane, that have been used  to replace the aorta, arch vessels, or iliac and  

femoral arteries with good results in terms of patency and  durability. Nevertheless, 

these materials demonstrate incomplete endothelialization  after implantation. 

Improvement of the endothelial lining of the grafts by pre-seeding them with 

endothelial cells (ECs) showed only limited  success and  d id  not improve patency of 

the grafts [50] making them unreliable for small-caliber applications. Currently, the 

gold  standard  for small-d iameter grafts is an autograft, such as the saphenous vein or 

the internal mammary artery. However, about one-third  of the patients do not have a 

vessel suitable to be used  as autograft because of vascular d isease, amputation, or 

previous harvest [51]. 

These factors contribute to the widely recognized  need  for a patent and  functional 

small-caliber arterial substitute. Such a substitute should  accommodate and  

withstand  life-long hemodynamic stresses without material failure and  be resistant to 

thrombosis, infection and  occlusion, while completely integrating with the body [52]. 

Vascular Tissue Engineering (TE) has been proposed  as a promising alternative for 

this purpose. While in-vitro TE strategies focus on the production of autologous 

vascular substitutes outside the human body [48], the more recently proposed  in-situ  

vascular TE strategy [25] offers the potential to produce living vascular substitutes 

inside the human body with the prospect of off-the-shelf availability. 

The aim of this chapter is to describe the design parameters for a polymeric scaffold  

for in situ  vascular TE. After reviewing the state-of-the-art of vascular TE and  shortly 

defining the relevant properties of native small-caliber arteries as design parameters 

for TE alternatives, we d iscuss the candidate cell source for in -situ  TE purposes. Next, 

relevant microscopic and  macroscopic scaffold  design  parameters are defined , with 

emphasis on polymer-based  scaffold  production and  inclusion of bioactive 

components to accommodate the in-situ  development of a living artery based  on the 

identified  cells. Finally, the prospects of the approach are d iscussed  in the light of 

current technical and  biological hurd les.  
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2.2 Vascular Tissue Engineering 

Figure 2.1 summarizes d ifferent concepts of vascular TE and  vascular repair. 

Autologous in vitro TE (Figure 2.1B) has been reviewed in numerous papers. The 

interested  reader is referred  to work from e.g. Bordenave et al. [53], 
 
Wang et al. [54], 

and  Nerem and Seliktar [13]. In brief, in vitro TE involves the harvesting of cells from 

a patient, followed by cell expansion and  cell seeding onto a scaffold . This construct is 

then cultured  under biochemical and/ or biomechanical cond itions (e.g. in a 

bioreactor) that favor cell proliferation, extracellular matrix (ECM) production, and  

tissue organization. After several weeks of conditioning, an autologous graft is ready 

to be implanted  into the patient, where integration and  remodeling should  occur. 

This method, however, presents some d isadvantages [55], including a surgical 

procedure to harvest cells and  elaborate procedures of cell-manipulation and  tissue 

culture with concomitant drawbacks (high risk of infection, unavailability for an 

emergency, and  costs) [18,20].
 
In addition, as most of the complex biological events 

that occur during in vivo vasculogenesis are still unknown and  not included  during 

culture, the tissues created  in vitro are often inferior to native tissues in terms of 

structure, mechanical properties, suture strength, and  function [56]. 

Clinically more attractive is an in situ  TE approach (Figure 2.1 C) that involves the 

implantation of a cell-free scaffold  into the patient [18]. Avoid ing all the in vitro 

aspects typical of the classical TE approach, in situ  TE allows for the minimization of 

risks and  costs associated  with cell and  tissue culture, while provid ing “off-the-shelf” 

availability. Once in situ , the scaffold  is meant to guide and control cell recruitment, 

cell fate, and  tissue formation, using the human body as a bioreactor and  taking 

advantage of its natural regenerative potential [25] [56]. The scaffold , therefore, plays 

a central role in this approach by replacing principal tissue functions immediately 

upon implantation. After implantation cells will colonize the scaffold  to form tissue, 

while the scaffold  withstands physiological stresses and  strains and  may gradually 

degrade.  

Recent papers demonstrate the potential of an in situ -like approach to obtain mature 

and  functional blood vessels, focusing on inflammation-mediated  processes to induce 

in vivo vascular remodeling. As an example, Roh et al. [17] used  MCP-1-mediated  

recruitment of monocytes into a synthetic scaffold  to guide the inflammatory 

response. Dahl et al., [14] showed that decellularized  engineered  scaffolds, implanted  

in a baboon model, have excellent patency and  resistance to d ilation, calcification and  

intimal hyperplasia. Despite the very promising results, further progress in scaffold  

technology and  insights in the complex interplay between cells, materials, and  

hemodynamics are required .  
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Figure 2.1: a comparison between physiological vascular healing, in vitro tissue engineering, and in situ tissue 

engineering: A) Possible endogenous vascular repair in artery with small injury: circulating endothelial colony 

forming cells (ECFCs) are recruited by damaged cells in the site of injury. These cells are characterized by the 

expression of surface markers, such as CD34 and CD133 and they can (a) adhere on a damaged endothelium and 

differentiate into ECs; (b) migrate through the elastic lamina and transdifferentiate into SM -like cells to restore 

vessel integrity. B) Preparation of a vascular graft via in vitro tissue engineering method: this process needs long 

and expensive procedures of cell isolation from the patient, expansion, seeding on a scaffold and culture of the 

construct in a bioreactor before the obtainment of a functional substitute for implantation. C) In situ tissue 

engineering is a straight-forward approach in which the scaffold is directly implanted into the patient at the 

intended site, where in vivo cell recruitment and subsequent tissue development should occur. ECFCs are 

selectively captured in the scaffold by the recognition of surface markers and triggered, upon adhesion, towards (a) 

differentiation into ECs; (b) transdifferentiation into SM -like cells; this process should take place in two different 

parts of the scaffold, to restore the physiological and functional layered vascular tissue. 

 

Possible cell sources for in situ  vascular tissue engineering may derive from the 

tissues surrounding the scaffold  and/ or from the blood stream. Endothelial cells (ECs) 

are important to attract to the scaffold  to achieve an anti-thrombogenic and  shear-

stress responsive luminal lining. However, the mechanisms by which ECs colonize a 

scaffold  are still unclear. Three hypotheses have been put forward  to aid  in this 

process: 1) pannus ingrowth, i.e. migration of ECs inward , from the native vessel 

across the anastomosis; 2) homing and  engraftment of circulating cells onto the 
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scaffold ; 3) transmural endothelialization, i.e. endothelialization derived  by the 

ingrowth of capillaries through the graft. [31,57] It has been shown that pannus 

ingrowth is usually negligible in humans [58], while transmural endothelialization is 

a consequence of the presence of vasa vasorum and, therefore, not relevant to small-

d iameter vessels. Hence, only the second  mechanism seems eligible for in situ  TE of 

small-d iameter blood vessels: the recruitment and  adhesion of circulating cells from 

the blood stream onto the scaffold .  

Human peripheral blood contains a subpopulation of bone marrow -derived  

circulating adult stem cells characterized  by endothelial progenitor capacity and 

properties similar to embryonal angioblasts [59]. In this review we will use the term 

circulating Progenitor Cells (cPCs), to refer to those circulating cells that can 

contribute to vascular regeneration by paracrine stimulation of resident endothelial 

cells (ECs) or by incorporation into the damaged endothelial layer. In the latter case, 

the cells home to sites of ischemia or vascular injury and  engraft into the endothelium 

[28] (Figure 2.1 A) through a three-stage process (i.e.: cell recruitment, rolling, and 

engraftment) that involves multiple cell-cell and  cell-ECM interactions and  d ifferent 

regulating factors (Table 2.1). A more detailed  description of the d ifferent 

subpopulations of cPCs is provided  in Section  2.4. 

 

Table 2.1: Factors involved in the different steps of the homing process of circulating progenitor cells [14]. 

Homing step Factors involved Description 

Recruitment Chemokines                             

(SDF-1α, VEGF) 

Chemokines, secreted  by damaged endothelial 

cells, attract cPC towards the endothelium, linking 

α4β1-integrin on cPC membrane. 

Rolling L-selectins L-selectins mediate a low -affinity contact with the 

endothelium; many cells will d issociate and re-

enter in the blood stream if this low affinity 

interaction is not replaced  by a stronger one. 

Engraftment α4β1-integrin                      

activated by SDF-1α 

The activation of α4β1-integrin increases the 

adhesion potential of the integrins to its endothelial 

receptor (VCAM-1). This binding determines a firm 

adhesion on the endothelium.  

SDF-1α = Stromal derived  growth factor-1α; VEGF = Vascular endothelial growth factor; 

VCAM-1 = vascular cell adhesion molecule-1 
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Interestingly, Shi et al. [60] demonstrated  that endothelialization of vascular 

prostheses cannot be solely attributed to an angiogenic process (i.e.: a process driven 

by ECs proliferation from the existing vessels towards the center of the implant). 

During their experiment, isolated  ECs were observed  also in non-marginal areas of 

the prosthesis and  were considered  to be a consequence of the adhesion of circulating 

cells from the blood stream. In a follow up study, it was proven that these cells were a 

CD34 positive fraction of peripheral blood mononuclear cells (PBMCs) [61], 

demonstrating that adult cPCs may participate in the process of endothelialization. 

Other studies have shown that cPCs may be responsible for in vivo endothelialization 

of stents [62,63],
 
synthetic scaffolds [19–21], and  decellu larized  matrices [64] (Table 

2.2).  

 

2.3 Defining the Target Tissue  

Native blood vessels are tubular tissues with a three layered  structure constituted  by 

the tunica intima, the tunica media, and  the tunica adventitia. The intima, positioned 

on the lumenal side, forms a confluent, anti-thrombogenic lining of ECs resid ing on 

the basement membrane, a dense layer of connective tissue that separates the intima 

from the media. The tunica media mainly consists of smooth muscle cells (SMCs), 

circumferentially organized  into contractile layers, separated  by elastin sheets. This 

layer is responsible for regulating the vascular tone and  hence blood flow in the 

vessel. The tunica adventitia mainly contains fibroblasts and  a collagenous ECM that 

determines the mechanical strength of the vessel [4]. In small-caliber arteries, 

however, the adventitia is absent or not fully developed. Here, the mechanical 

properties are mainly determined  by the media and  basal lamina. Table 2.3 provides 

an overview of the mechanical and  geometrical characteristics of small-caliber arteries 

in comparison to their common autologous substitute, the internal mammary artery.  

The fibrillar composition and  structure of ECM of arteries has inspired  researchers to 

develop fibrous, bioactive scaffolds that mimic the native environment of vascular 

cells. The fibrillar components of interest are elastin, a protein that gives the tissue its 

resilience, and  collagens, in particular type I, III, IV, V, and  VII that provide strength 

to the vessel wall. Other matrix molecules, such as microfibrils, fibrillin, glycoproteins, 

and  proteoglycans, have a more prominent role in controlling cell fate. Details about 

their functions and  relevance in vascular tissue have been reviewed elsewhere [5,65]. 

When replacing a damaged small-caliber artery with an in-situ  engineered  substitute, 

it is desirable to ultimately obtain the bi-layered  architecture representative of the 

native vessel. Ideally, this layered  architecture is obtained  from a single circulating 

progenitor cell type that is triggered  to d ifferentiate into both endothelial-like cells 

(EC-like) and  smooth muscle-like cells (SMC-like) using a fibrous bioactive scaffold .  
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Table 2.2: In vivo studies of in situ vascular regeneration, employing either synthetic or biological scaffolds, or 

stents. 

Implant 
Scaffold 

material 

Model and 

Site of 

implantatio

n 

Duration of 

implantatio

n 

Results Ref 

Scaffold  

PGA+PCL+  PLLA 

Pig 

Descendin

g aorta 

12 months 

In situ 

cellularization and  

regeneration of the 

tissue 

[20] 

PLGA+Col 

Dog 

Pulmonary 

artery 

6 months 

In situ 

cellularization and 

regeneration of the 

tissue 

[19] 

PGA+PLA+Col 

Dog 

Carotid  

artery 

12 months 

Promoted  in situ 

tissue regeneration 

and patency 

[21] 

Decellularized  

vessels + NGF 

Rat Carotid  

artery 
1 month 

Enhanced 

endothelialization 

and patency 

[64] 

Stent 

 

SSS + CD34 

Human 

Coronary 

arteries 

9 months 

Fast 

endothelialization 

(90% covered  in 

1hour); Safe and 

feasible 

[62] 

SES + CD34 

Pig 

Coronary 

arteries 

14 days 

Enhanced 

endothelialization 

and patency 

[63] 

Col = Collagen; PGA = Poly(Glycolic Acid); PCL = Poly(ε -Caprolactone); PLA = Poly(Lactic 

Acid); PLLA = Poly(L-Lactic Acid); PLGA = Poly(lactic-co-glycolic acid); NGF = nerve 

growth factor; SSS = stainless steel stent; CD34 = CD34 antibody; SES = sirolimus-eluting 

stents. 
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Table 2.3: Dimensions and mechanical properties reported for human arteries. 

Artery 
D

ext   
              

[mm] 

th                

[mm] 

C                 

[%/100mmHg] 

τ                                

[Pa] 

Strain        

[%]     

Left coronary artery 3 - 4 0.89 11.5 0.75 – 2.25 10-15 

Internal mammary 

artery 
3 – 3.5 0.71 11.5 1.0 – 2.5 10-15 

D
ext

 = external d iameter; th = thickness; C = compliance; τ  = wall shear stress  

 

2.4 Defining the Target Cells 

Since their d iscovery in 1997, characterization of cPCs with endothelial characteristics 

has been subject of intense d iscussion [59]. Generally, these progenitor cells have been 

characterized  primarily by co-expression of cell surface markers for hematopoietic 

progenitors (CD34 and CD133) and  the endothelial lineage (VEGFR2/ KDR) [32]. 

However, there is still a lack of a unique marker (set) [66]
 
and the progressive insight 

that a multitude of circulating and  cultured  progenitor subtypes exists [29]. For these 

reasons, Richardson and  Yoder proposed  to use the specific name of each sub-

population
 
obtained  by using d ifferent isolation methods [67]. One particular sub-

population is a relevant candidate cell source for in -situ  tissue engineering. This 

population, that occurs at a frequency of approximately 2 cells in 100ml of peripheral 

blood  [29], arises in vitro during long-term culture of PBMCs. The resulting cells are 

termed endothelial colony forming cells (ECFCs) because of their significant 

clonogenic expansion [29,31]. ECFCs are highly proliferative and closely resemble 

endothelial cells in morphology, surface marker expression and  functional 

characteristics [32]. In addition, they have been shown to possess de novo 

vasculogenic capacity, and  the potential to transdifferentiate into mesenchymal [28] 

or SMC-like [33]. For an in-depth description of these cells, we refer the reader to 

recent reviews [68,69]. 

 

2.4.1 Differentiation and  Transdifferentiation  

The capacity of ECFCs to d ifferentiate and  transdifferentiate is attractive when 

focusing on recruiting a single cell source that can be (trans)differentiated within a 

scaffold . The process of transdifferentiation, also referred  to as endothelial-to-

mesenchymal transdifferentiation (EndoMT), can be triggered  in vitro by adding 

transforming growth factor β1 (TGFβ1) to ECFC [33] or EC [70,71] cultures. As 
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already hypothesized  [28,72],
 
EndoMT can eventually occur in vivo as a consequence 

of the migration of cPCs through the endothelium (Figure 2.2 B). Despite growing 

insights into the biochemical regulation of (trans)differentiation of ECFCs, there is a 

lack of knowledge related  to the mechanical regulation of these processes.  It is well-

known that blood flow induced  shear stresses play a pivotal role in modulating EC 

functionality [8,73], whereas cyclic vascular wall stretch is a potent regulator of SMC 

behavior [74].
 
It is important to consider these mechanical cues when aiming for 

ECFC (trans)differentiation and  the design of scaffolds that will be placed  in a 

hemodynamic environment.  

Several studies have indicated  that shear stress can induce d ifferentiation of ECFCs 

into EC-like cells [75–78] or, more specifically, into functional arterial EC-like cells 

[75], with an increased  production of anti-thrombogenic molecules [76,77]. The effects 

of cyclic strain on ECFCs and the potential role of mechanical stimuli in regulating 

transdifferentiation remain to be elucidated . Other progenitor cells, such as 

mesenchymal stem cells, can be mechanically d ifferentiated  towards a SMC 

phenotype using cyclic strain [75], but this does not require EndoMT. Yet, considering 

the possibility to transdifferentiate ECFCs using TGFβ1 and the central role of the 

TGFβ1 pathway in mechano-transduction routes, the possibility to mechanically 

transdifferentiate ECFCs should  be explored . Such studies must also screen for 

potential risks, since cyclic straining of ECFCs may induce unwan ted  proliferation of 

cells leading to e.g. intimal hyperplasia or a lower expression of anti-thrombogenic 

molecules [79]. 

 

 

2.5 Scaffold Design Parameters 

As outlined  above, the optimal scaffold  for in situ  vascula r TE should  promote cell 

recruitment from the blood stream, control cell fate and  d ifferentiation, and  stimulate 

tissue formation and  remodeling. In addition, it should  be mechanically robust to 

avoid  failure once introduced  into the hemodynamic environmen t. The choice of the 

scaffold  material is, therefore, focused  on the fulfillment of these requirements.  

Although scaffold  properties are strictly dependent on the chosen design and  the 

material used , they can be classified  into two major categories, namely macroscopic 

and  microscopic properties. Macroscopic properties refer to mechanical properties 

and  scaffold  architecture, and  are important to achieve optimal geometry and  gross 

mechanical behavior of the scaffold . Microscopic properties include surface chemistry, 

bioactivity, local stiffness, porosity, and  topography, which are key to control cell fate 

through cell-matrix interactions.  Here, we review these microscopic and  macroscopic 

features in order to provide guidelines for the design of scaffolds ba sed  on synthetic 

polymers. We start of by describing two of the initial requirements for this approach: 
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biodegradability and  hemocompatibility. The section ends with a description of 

innovative scaffold  materials and  designs for vascular TE, with special emphasis on 

ECFC recruitment and  (trans)differentiation.  

 

2.5.1 Biodegradability and  Hemocompatibility  

Synthetic polymers, with their great variety and  tunable composition and  structure 

on both macroscopic and  microscopic scales, have been extensively stu died  for 

vascular purposes [76]. While non degradable materials are widely used  as 

replacement for large-caliber arteries, biodegradable polymers are often considered  

the gold  standard  for TE vascular approaches, because they can lead  to completely 

autologous tissue substitutes [78] The polymers most frequently used  in this 

approach are polyesters, e.g. poly(glycolic acid) (PGA), Poly(lactic acid) (PLA), and  

polycaprolactone (PCL). Polyesters are attractive materials because of their 

degradation by hydrolysis under physiological conditions that results in the re-

absorption of the degradation products through the metabolic pathways or through 

elimination of the fragments by macrophages and  giant cells [80]. Due to rapid  

degradation, PGA scaffolds lose their mechanical properties within a month, while 

PCL scaffolds, having one of the longest degradation times, can retain their 

mechanical properties for more than a year [81]. Due to these d ifferences, the rate of 

degradation of these materials is often modified  by mixing them to create 

copolymers, such as poly(lactic-co-glycolic acid) and  poly(glycolide-co-caprolactone) 

[81]. An example of successful use of these polyesters in clinical study is the first 

application of an engineered  vessel as substitute of a peripheral pulmonary artery. 

The biodegradable scaffold  was a PCL-PLA copolymer tube, reinforced  with woven 

PGA and seeded with autologous venous cells [82]. 

The biomaterial selected  for any vascular approach will be permanently in contact 

with blood until complete degradation. Upon implantation, the host reaction is firstly 

influenced  by the physico-chemical properties of the material surface. The first step of 

this process is plasma protein adsorption and  desorption onto the material surface 

(i.e.: Vroman effect [83]). This will form a dynamic monolayer of proteins with a 

composition and  a conformation determined  by the chemical properties of the 

material. Differences in  protein patterns, conformation, and  orientation can lead  to 

d istinct availability of specific receptors and  binding sites of the protein [84], 

influencing platelets deposition and  cell adhesion [85]. Therefore, blood-material 

interaction is a critical feature to consider while designing a vascular scaffold .  

Biodegradable polyesters have hydrophobic surfaces and  thus tend  to adsorb larger 

amounts of platelets than hydrophilic substrates [86]. Therefore, to increase 

hemocompatibility, it is useful to combine these materials with well known 

hydrophilic and  biocompatible polymers, such as poly(ethylen e glycol) (PEG) by the 
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formation of interpenetrating polymer network [87]. Moreover, PEG can also be used  

as a molecular linker to graft onto the polyester specific (anticoagulant) biomolecules 

[88].
 
In fact, hemocompatibility of these polymers can be enhanced  by surface 

modification using albumin (i.e.: a natural globular protein) or heparin (i.e.: an 

anionic anticoagulant polysaccharide). These molecules, grafted  onto the polymer 

surface, reduce thrombogenicity by a steric repulsion mechanism, resisting to plasma 

protein adsorption and  platelet adhesion.
 
Further details about the advances of anti-

thrombogenic approaches by surface modifications can be found in we refer the 

reader to a recent review [89]. 

 

2.5.2 Macroscopic Properties   

 Scaffold Mechanical Behavior 

The use of biodegradable polymers allows the scaffold  to degrade in vivo while ECM, 

secreted  by the cells, can take over mechanical integrity. However, immediately upon 

implantation, the scaffold  alone should  be able to withstand  the hemodynamic loads 

described  in Table 2.3.  

A parameter of concern is scaffold  compliance. Physiologically, an increase in 

vascular pressure will result in vessel stretching and  the implanted  vascular  scaffold  

should  also second this d ilation.
 
Therefore, scaffold  compliance should  be as close as 

possible to that of the native vessel to which it is sutured . Differences in compliance 

will result in turbulences and  stagnation points near the anastomoses, leading to 

injury, tissue remodeling and  intimal hyperplasia [69,90]. Consequently, scaffold  

mechanical properties have often been designed  and  tuned  to avoid  compliance 

mismatch at time of implantation. For in situ  tissue engineering it is however of 

utmost importance to predict and  stabilize tissue mechanical properties with time 

after implantation. Thus, it is relevant to know (or better: control) the rate of scaffold  

degradation and  tissue formation over time, as well as their combined  effects on 

tissue mechanical properties. It should  be noted  in this respect that properties of 

(degrading) scaffolds most often fail to mimic the visco-elastic nature of the newly 

formed tissue, leading almost inevitably to ch anges in mechanical properties with 

time.  

 



Controlling scaffold  design and  cell recruitment  

27 

 

Scaffold architecture 

The macroscopic architecture of a scaffold  should  prov ide the optimal geometry for 

tissue development and  functionality: vessels are an example of tissue structures 

whose functions rely largely on their shape.  

3D porous scaffolds are ideal for in situ  TE, because they allow cell infiltration into 

the graft. These scaffolds can be obtained  via several methods, as described  in Table 

2.4. Among these processes, electrospinning is most promisin g for TE approaches, 

because of the possibility to develop fibrous scaffolds with interconnected  pores that 

resemble the native ECM.  Electrospinning is a fast method of processing materials to 

obtain scaffolds with controlled  3D architecture by the use of a mould , or collector, 

with specific shape and  d imensions [91]. Fiber d iameter and  orientation may be tuned  

by changing the electrospinning parameters (e.g.: polymer concentration, spinning 

temperature, and  humidity, see Figure 2.2), although this is a d ifficult ‘art’. However, 

similar to many other methods of scaffold  processing, electrospinning requires a 

polymer solution in an organic (toxic) solvent. In addition, due to uncontrolled  fiber 

deposition onto the mould , reproducibility may fail. 

An example of successful electrospun scaffold  is presented  in the study of Hashi et al., 

in which a nano-fibrous PLA vascular scaffold  is developed and  seeded with 

mesenchymal stem cells to support long term patency, endothelium formation, and  

SMCs infiltration in vivo [92].
 
Recently, this scaffold  was enhanced  by conjugating 

hirudin (i.e.: a thrombin activity suppressor) through an intermediate PEG linker [88]. 

Moreover, the micro-fibers of the graft had been aligned  circumferentially to help 

SMCs organization and  tissue formation as in native vessel wall. This scaffold , when 

implanted  in rats, was able to reduce platelet adhesion, improving patency, 

endothelialization, remodeling, and  integration. 

 

 
 

Figure 2.2: examples of different electrospun meshes of poly(lactic acid-co-glycolic acid) depicting distinct fiber 

characteristics: a) submicrometric fibers (average diameter 0.8 µm); b) micrometric micrometric fibers with 

smooth surface (average diameter 5 µm); c) micrometric fibers with porous surface (average diameter 12 µm). 

Scale bar is 10 µm. Courtesy of M. Simonet, Eindhoven University of Technology.  
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2.5.3  Microscopic Properties 

 Surface Topography 

In the physiological microenvironment, ECs adhere to the basement membrane, a 

substrate covered  with grooves, pores and  a fibrillar meshwork. This membrane is 

composed  of oriented (i.e.: parallel to luminal flow) collagen and  elastin fibers with 

d iameters ranging from 10–300 nm [93]. This fiber orientation on the luminal side 

influences EC alignment in the same d irection [94].
 
To study the influence of 

topographical patterns on cell behavior, cells are usually cultured  on t reated  surfaces 

with specific features. Many cells can respond to substrate topography by changing 

their proliferation, migration, and  orientation [95–98],
 
but also cell d ifferentiation [80]. 

Likewise, surface topography can influence also ECFCs: micro-
 
or nano-

 
patterns have 

been used  to influence ECFCs behavior in terms of alignment, migration potential, 

and  ECM production [97,98]. Although, it is not clear whether topography can 

influence (trans-)d ifferentiation of these cells.  

Surface topography can also influence protein adsorption onto material surface in the 

Vroman effect: d istinct protein layers absorbed  on the biomaterial can lead  to 

d ifferences in cellular and  inflammatory response [84]. In a recent work of Engberg et 

al. it is shown that material surface topography can influence complement cascade 

activations [99].
 
Better hemocompatibility was obtained  when low protein adsorption 

onto material surface was detected . This was a consequence of really small pore size 

(30-40 Å in d iameter) on material surface that had  limited  the total accessible surface 

area for proteins. In fact, the binding of many molecules, with a molecular size >50 

kDa, was sterically hindered  because of their d imension greater than material pore 

size. In comparison, glass substrates have pores by far larger (estimated  d iameter of 

500 Å) than the d iameter of most plasma proteins that, therefore, do not interfere with 

protein binding. The control of cell fate with surface micro-topography, as obtained  in 

2D studies, still needs to be translated  to 3D porous scaffold , while the influence of 

nano-topography on plasma protein adsorption may be used  to enhance scaffold  

hemocompatibility. 
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Table 2.4: Commonly used fabrication methods of porous scaffolds for vascular tissue engineering; advantages, 

disadvantages, and application of the different technologies.  

 

 

 

 

 

 

 

Method Advantages Disadvantages Ref 

Electrospinning 

tunable fiber 

architecture 

organic solvent 

required  

[88,92] 

micro- to nano-fibers  

tunable fiber 

roughness 
 

tunable stiffness  

interconnected  pores  

Solvent casting and  

particulate leaching 

 

d ifferent porogens low leaching step  

 

efficiency 

[100] 

easy process limited  thickness 

tunable 

polymer/ porogen 

ratio 

organic solvent used  

 
reduced  

interconnected  pores 

Gas foaming 
gas used  as porogen no interconnected  

pores [101] 
no leaching step  

required  
residues of gas 

Freeze drying 

tunable porosity small pore size 

[102] 
tunable 

polymer/ water 

ratio 

organic solvent 

d ifferent freezing 

temperature 
 

Solid  free form 

fabrication 

control of shape and  

size 
toxic solvent required  

[103] 

reproducibility low resolution 

automated  process high temperatures 

required  
customized  product  

interconnected  pores  
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Bioactivity 

In order to mimic native cell-ECM interactions, scaffold  materials can be 

functionalized  with bioactive components, to influence cell adhesion and  behavior
 [62]

, 

either by physical adsorption of specific biomolecules (non -covalent approach) or by 

chemical immobilization (covalent approach). The covalent binding approach allows 

a stable immobilization of the bioactive moieties by using linker molecules (i.e.: ester, 

amide, imine, etc.).  

This method usually requires a surface modification (e.g.: plasma treatments) to 

create an interfacial bonding layer that can be used  for the immobilization of the 

bioactive molecules [104].
 
However, since this method involves d ifferent reaction 

steps, the binding efficiency of the bioactive moieties is generally low. In contrast, 

physical adsorption utilizes non-covalent intermolecular interactions (e.g.: hydrogen 

bonding, Van der Waals forces) between the surface and  biomolecules. Depending on 

the surface chemistry of the material, these interactions may not provide enough 

stability of the moieties on time (e.g.: molecules desorption or wash -off). Moreover, 

molecule conformation upon adsorption cannot be controlled . Both these methods 

allow for the introduction of bioactivity in the scaffold : the concept of adding 

bioactive molecule to polymer chains is well known [38] and  it can be used  to induce 

selective cell recruitment in a scaffold . A proof of principle experiment in this field  

was performed by Plouffe et al. using a microfluid ic device. The study showed how 

different biomolecules could  selectively capture cells under d ifferent shear stress 

conditions. In particular, ECs and  ECFCs were attracted  by REDV peptide [105] and  

CD34-antibody [106]
 
respectively. 

 

Porosity 

Porosity (or void  volume) is another critical aspect of scaffold  design for in situ  TE, 

since cells from the blood stream should  be able to homogeneously colonize the 

whole scaffold  to regenerate a vessel. Pore d imension should  be then considered  in 

relation to cell size to avoid  the formation of cell clusters only on some part of the 

scaffold  [43].Void  volume is a consequence of the scaffold  fabrication method and  it is 

particularly relevant for scaffold  mechanical behavior. It could be necessary to 

decrease scaffold  porosity (at expenses of cell infiltration and , therefore, o f 

homogeneous ECM deposition) in order to have a construct able to withstand  the 

physiological mechanical environment. However, using new scaffold  designs, such as 

combining d ifferent degree of porosity in the same construct [107], may provide 

enough void  volume for cell infiltration, maintaining scaffold  mechanical properties. 
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2.5.4 Innovative scaffold  materials and  designs for vascular approaches. 

Given the mechanical environment and  the layered  structure of small-caliber arteries, 

researchers are optimizing both scaffold  materials and  designs for vascular TE. Due 

to several in vivo applications of vascular grafts, scaffold  mechanical properties 

should  be tuned  in relation to the vessel that needs replacement. Tunable materials, 

such as biodegradable elastomers or supramolecular polymers, are therefore now 

preferred  for these applications. In fact, their mechanical properties can be modulated  

by controlling synthesis conditions [108] to obtain mechanical properties to match the 

compliance of the tissue of interest [109],
 
by maintaining the in vivo stability and 

compatibility [97].
 
In addition, these materials simp lify the introduction of bioactive 

components in the scaffold . 

 

 

 

 
 

 

 

Figure 2.3: Schematic overview to obtain a bioactive supramolecular material.  A) This approach is 

based on the functionalized self-complementary hydrogen-bonding UPy moiety, contained in the 

supramolecular polymer unit. B) The bioactive material can be obtained by mixing different UPy-

functionalized biomolecules (dark grey and light grey moieties) with UPy-polymer. C) A bi-layer 

functionalized scaffold can be obtained by controlling spatial organization of the biomolecules into the 

material (adapted from Dankers et al. with permission). 
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 Elastomeric materials 

Recently, elastomeric materials have been used  to develop vascular scaffold  with 

adequate mechanical properties, in terms of elast icity and  strength. Yang et al. 

developed a biphasic scaffold  in poly(diol citrates), characterized  by a non -porous 

layer, for ECs growth and  to provide mechanical properties, and  a porous phase 

(polymerized  over the previous one) for SMCs growth [107]. Soletti et al., instead , 

developed a composite bilayered  construct made of poly(ester -urethane)urea. The 

scaffold , which morphological and  mechanical characterization showed similarities 

with native arteries, is characterized  by a highly porous part, for SMCs expansion, 

and  an electrospun layer that should  resemble the native ECM [110]. Together with 

new mechanically tunable materials, the previous studies are also characterized  by 

the innovative bilayered  scaffold  design: this induces cell compartmentalization by 

mimicking the layered structure of native vessels [107] as well as optimizes cellular 

interactions by provid ing d ifferent pore sizes [111]. 

 

 

Supramolecular polymers 

Even if not yet applied  to the vascular environment, supramolecular p olymers have 

been proposed  as innovative material to overcome the problems of introducing 

scaffold  bioactivity. Meijer et al. showed that supramolecular materials based  on 

biodegradable polymers (e.g. PCL) modified  with the quadruple hydrogen bonding 

ureido-pyrimidinone (UPy) (Figure 2.3 A) unit are suitable for TE application and  an 

attractive alternative for trad itionally used  polymeric materials [112,113]. The 

supramolecular polymer-based  materials have been shown to combine easy 

processing with tunable mechanical performance and  degradation behavior [114,115]. 

Furthermore, bioactive molecules can be immobilized  on the material surface in a 

non-covalent but yet stable manner (Figure 2.3 B) [112,114,115].
 
Using these 

supramolecular polymers it should  be possible to create a bioactive scaffold  for in situ  

TE of small arteries that not only enables selective cell recru itment and  d ifferentiation, 

but that also has tunable mechanical properties. 

 

 

2.6 Perspectives 

Tissue engineering of arteries has recently moved towards an in situ  approach to 

provide an off-the-shelf availability of the vessel graft. This attractive meth od uses the 

human body as a cell source and  as a bioreactor system. The role of the scaffold  is 

emphasized: it has to withstand  stresses and  strains upon implantation and  to control 

tissue development by provid ing a proper microenvironment for the cells. The main 

challenge of in situ  vascular TE is to obtain spatial control of differentiation and  

transdifferentiation of circulating progenitor cells, such as the ECFCs. Supramolecular 

polymers can be used  to reproduce a bilayered  tissue consistent with the 
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physiological vessel (characterized  by ECs and  SMCs), by controlling spatial 

organization of the bioactive moieties in the scaffold  (Figure 2.3 C). Once ECFCs have 

been captured  from the blood stream, they should  be triggered  locally towards 

d ifferentiation and  transdifferentiation into EC-like and  SMC-like cells, respectively. 

In this way, cell compartmentalization, similarly to the physiological one, can be 

obtained . 

A list of important molecules that might be used  to selectively promote ECFCs 

recruitment, d ifferentiation, or transdifferentiation is provided  in Table 2.5. To 

d ifferentiate ECFCs into EC-like, a peptide specific for endothelial cells, such as 

REDV [78,105], can be used  on the luminal side of the construct. This fibronectin -

derived  molecule is known to inhibit platelets adhesion and  to bind  α5β1 integrin, a 

membrane protein that is also expressed  by ECFCs [116].To induce EndoMT of 

ECFCs, the scaffold  can be functionalized  with growth factors, such as TGF-β1 

[32,117],
 
that may also be used  to enhanced  ECM production within the construct [34]. 

With this bi-functionalized  scaffold , it would  be possible to obtain a layered tissue 

that resembles the native structure of small-caliber arteries.  

 

2.6.1 Biological Challenges 

The first biological challenge is to achieve in vivo ECFC clonogenic expansion onto 

the luminal side of the scaffold , to ensure anti-thrombogenicity. With current 

protocols, ECFCs need  to be expanded in culture in vitro before they can be used  for 

TE purposes. However, upon recruitment, cells will be exposed  to blood flow -

induced shear stress that will trigger cell differentiat ion into arterial ECs with an 

increased  production of anti-thrombogenic molecules [75,77,78]. 

Nevertheless, the relevance of the biochemical stimulation for in situ  vascular tissue 

engineering should  be studied  in combination with the circulating cellular 

mechanical environment (e.g.: substrate stiffness [118]
 
) as well as the hemodynamic 

loading conditions. To have a successful scaffold , however, several biological and  

technological limitations need  still to be resolved  (Table 2.6). 

Secondly, the scaffold , together with the hemodynamic environment, should  induce 

transdifferentiation of ECFCs. So far, transdifferentiation of ECFCs has only been 

obtained  in vitro. In vivo EndoMT of adult ECFCs is still hypothetical, although a 

comparable process takes place during card iac development with the 

transdifferentiation of cushion endothelial cells into mesenchymal cells [119]. If 

transdifferentiation does not occur in the scaffold , or it is insufficient, an additional 

cell source is required  to restore the integrity of the tunica media. Smooth muscle 

progenitor cells (SPCs) are a likely candidate cell source for this purpose [75].
 
SPCs 

are bone marrow derived  progenitor cells, resident in the tunica adv entitia, that are 

involved  in vascular remodeling and  can d ifferentiate into cells that express SMC-
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markers ex vivo [75]. These find ings suggest that it is possible to recruit SPCs to 

induce them towards SMC-like cells. Further information about the characterization 

of SPCs can be found in the review by Van Oostrom et al [120]. 

Apart from these challenges, vascular tissue engineering, including the in situ  

approach, poses risks such as intimal hyperplasia due to unspecific cell adhesion or 

increased  proliferation on the implanted  material. For example, Rotmans et al. [79] 

used  a synthetic graft coated  with CD34 antibody to selectively recruit progenitor 

cells in pigs, obtaining a complete endothelialization of the construct in three days. 

Nevertheless, 28 days after implantation, intimal hyperplasia was found to be 

increased  in the CD34 antibody-coated  group. One given explanation is that CD34-

positive cells may also d ifferentiate into SMC-like cells, w ith an increased  

proliferation index and  a more synthetic phenotype. This suggests the possibility of 

using this antibod y only in combination with other biomolecules to control cell 

d ifferentiation in the scaffold , until a better bioactive to recruit ECFCs is found [66].  

 

2.6.2 Technological Challenges 

The main technological challenge of in situ  vascular TE is the scaffold  itself. The 

biomaterial chosen for this approach should  be functionalized  in a spatially organized 

way (Figure 2.3 C) to obtain the layered  structure representative of a native artery. 

However, the preparation of layered  electrospun meshes with double localized  

functionalization is still in its infancy. So far, only a few layered  scaffold  designs have 

been proposed , mainly by changing the p orosity of the d ifferent layers [108]. Non-

invasive evaluation techniques to monitor integration and  remodeling of the scaffold  

upon implantation are also required . These methods should  be able to assess the 3D 

structure of the scaffold , cell infiltration and  colonization, as well as polymer 

degradation with time in vivo. For this purpose high resolution magnetic resonance 

imaging [121]
  
seems ideal and  has already been used  in combination with imageable 

scaffold  to follow degradation in time [122].
 
Finally, the in-situ  scaffold  should be able 

to sustain the physiological mechanical environment u pon implantation. This 

requires precise control of degradation time as well as scaffold  architecture (e.g.: 

scaffold  porosity and  thickness), to avoid  material failure. Using multiscale 

computational modeling, it is possible to predict the macroscopic mech anical 

properties of the scaffold  based  on microscopic design parameters [123]
 
. For this 

purpose a representative volume element (RVE) that describes the microscopic 

properties of the scaffold  is defined . Next, a microstructural finite element problem is 

solved  by applying macroscopic variables (e.g. loads) to the microstructural RVE and  

by using adequate boundary conditions. As an example, fibrous electrospun meshes 

can have d ifferent fiber d iameters and  orientations on a microscopic scale that will 

influence porosity, and  hence mechanical properties of the scaffold  on a macroscopic 

scale - and  vice versa. Predictions obtained  with a mathematical model of such 
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meshes provide important information about the ideal structure of the scaffold  and  

can be compared  to experimental results to identify the effective influence of 

microstructural architecture on the mechanical behavior of the scaffold . 
 
Obviously, 

these models need  to be extended with equations covering neo-tissue formation as 

well as scaffold  degradation to predict the evolution of mechanical properties of the 

in situ  construct with time. 

 

 

Table 2.5: Three main categories of biomolecules for bioactive functionalization of scaffolds to induce 

differentiation or transdifferentiation of ECFCs: peptides, growth factors, antibodies. 

 

Type of 

ligand 

Factors 

involved 
Description Ref. 

Peptide 

RGD 

Fibronectin-derived; general binding site. 

May increase adhesion of circulating 

progenitor cells to the scaffold . 

[50] 

 

REDV 

Fibronectin-derived; highly specific for ECs 

and ECFCs. May induce ECFC differentiation 

into EC-like. 

[105,106] 

VAPG 

Elastin-derived; highly specific for SMCs. 

May induce ECFC transdifferentiation into 

SMC-like. 

[105,124] 

Growth 

Factor 

SDF-1α 
Overexpressed  in ischemic tissue and injured 

vessels; involved in recruitment of cPC.  

[125,126] 

 

PDGF- BB 
Involved in ECFCs transdifferentiation 

process in vitro. 

[127,128] 

 

TGF-β1 

Promotion of αSMA; involved in 

transdifferentiation process of ECFCs and 

mature ECs in vitro; increased  ECM 

production. 

[70,129] 

Antibody CD34 

One of the immunophenotype of human cPC; 

represents hematopoietic-derived  cells. 

Enhanced endothelialization in stent, but 

may also induce intimal hyperplasia 

[106,130] 

RGD = arginine-glycine-aspartate; REDV = arginine-glutamic acid-aspartate-valine; VAPG 

= valine-alanine-proline-glutamic acid ; SDF-1α = stromal derived growth factor 1α; PDFG- 

ββ = platelet derived  growth factor ββ; TGF-β1 = transforming growth factor β1. 
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Table 2.6: Current challenges and suggested research directions to improve scaffold designs for in situ vascular 

tissue engineering. 

 

Challenges Research directions 

Formation of an anti-thrombogenic 

endothelial lining 

Identification of bioactive components that 

promote endothelialization, e.g. via 

recruitment of circulating cells 

Formation of a functional medial layer Identification of bioactive components that 

promote formation of functional smooth 

muscle cells, e.g. via transdifferentiation of 

circulating progenitor cells.  

To obtain the functional, layered  structure 

of a small artery 

Design and test cell/ tissue 

compartmentalization using bioactive 

scaffolds in combination with candid ate cell 

sources 

To achieve complete integration and 

degradation of the scaffold  within the 

body, in line with tissue formation  

Develop imageable scaffolds and on-demand 

degradable scaffolds to allow monitoring and 

fine-tuning of scaffold  degradation  

To maintain mechanical functionality of 

the graft upon implantation and with time 

Optimize scaffold  mechanical properties in 

relation to scaffold  degradation and tissue 

formation 

 

2.7 Conclusions 

When successful, in situ  vascular TE will have great potential for vascular medicine 

because of the minimization of risks and  costs associated  with cell handling, and  the 

possibility to achieve an “off-the-shelf” p roduct. The development of a synthetic 

small artery substitute that can completely integrate within the body will represent a 

milestone in this area. The concept for this approach as presented  here, considers 

ECFCs as a unique autologous cell source that can be d ifferentiated  to obtain both 

EC-like and  SMC-like populations inside the scaffold . Although such an approach is 

clinically and  biologically attractive, basic research on ECFC fate, material 

development, and  cell-scaffold  interactions under hemodynam ic conditions is 

required  before feasibility can be evaluated . Next, the in vivo potential of the concept 

should  be assessed , including ECFC biology and  behavior in patients requiring 

card iovascular grafts.  Progress can be accelerated  by using a combination of in vitro, 

in vivo, and  computational models and  it w ill strongly benefit from collaborations 

between clinicians, biologists, material scientists, and  biomedical engineers to 

overcome existing technological hurd les and  knowledge gaps in the in situ  cr eation of 

arterial substitutes. 
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Abstract 

In situ  vascular tissue engineering (TE) has been proposed  as a promising approach 

to fulfill the need  for small-d iameter blood vessel substitutes via implantation of an 

instructive scaffold .  The scaffold  should  take advantage of the natural regenerative 

potential of the human body by recruiting cells from the circulation and/ or 

surrounding tissues. Endothelial colony forming cells (ECFCs) circulating in the 

blood are proposed  as a relevant candidate cell source for vascular TE because of 

their endothelial cell (EC) characteristics and  their capability to d ifferentiate towards 

the smooth muscle cell (SMC) phenotype (EndoMT process). In this study we 

investigated  the synergistic effects of biochemical and  mechanical cues, relevant from 

the vascular environment on ECFC morphology and  phenotype, in particular the role 

of TGFβ1 in combination with shear stress (SS) or cyclic strain (CS). Results showed  

that induction of EndoMT in ECFCs with TGFβ1 conditioning alone was possible but 

inefficient, with only a small subpopulation of ECFCs expressing αSMA with no 

endothelial marker CD31 after 14 days of culture. Short term (3days) stimulation with 

SS or CS, with or without TGFβ1, d id  not affect the endothelial phenotype. However, 

ECFCs d id  change their cytoskeletal organization to orient parallel to flow or 

perpendicular to strain d irection. Moreover, cell orienta tion occurred  faster when 

cells were exposed  to SS than to CS.  Our results confirm that ECFCs are a good cell 

source to restore the EC lining of vascular grafts, since they mantain an endothelial 

phenotype in d ifferent chemical and  mechanical environments when cultured  in 2D. 

However, ECFCs may not be a suitable target cell source to obtain functional SMCs 

given the low efficiency of the in vitro EndoMT process. 
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3.1  Introduction 

Finding solutions for coronary artery stenosis is of increasing concern. This type of 

card iovascular dysfunction has a great incidence worldwide and  can lead  to 

myocardial infarction and , therefore, patient’s death. Currently, coronary bypass 

performed with autologous vessels (i.e. mammary artery, saphena vein) is the gold 

standard  procedure to overcome the stenosis and  restore blood flow to the infarcted 

area of the heart. Vascular Tissue Engineering (TE) has been proposed  as a promising 

strategy to substitute occluded  small-caliber arteries when autologous vessels are not 

suitable or available [48]. Conventional vascular TE focuses on the in vitro production 

of vascular grafts by culturing autologous cells on a three-d imensional porous 

scaffold  [48,127] and  requires long and  expensive laboratory procedures for cell and  

tissue growth. The more recently proposed  in situ vascular TE strategy [25,36] offers 

the potential to use cell-free off-the-shelf available grafts which, upon implantation, 

are meant to control cell recruitment, d ifferentiation, and  tissue formation, by taking 

advantage of the natural regenerative potential of the human body [20]. Human 

peripheral blood contains a subpopulation of circulating cells with endothelial 

progenitor capacity [59], known as endothelial progenitor cells (EPCs), that have been 

indicated  as a relevant candidate cell source for  vascular TE [130]. As in vitro model 

for these circu lating cells, the endothelial colony forming cells (ECFCs) can be used . 

ECFCs arise during culture of peripheral or cord  blood mononuclear cells in the 

presence of endothelial growth factors (eGFs) [29,30] and  show significant clonogenic 

expansion, endothelial characteristics (morphology, surface marker expression, and  

functionality) [29,31,32] and  the capacity to contribute to vascular regeneration [28]. 

Although prior in vitro studies have mainly focused  on the regulation of ECFC 

differentiation towards ECs [78,131,132], it has been shown that the presence of 

specific biochemical cues in the culture medium, such as Transforming Growth Factor 

β1 (TGFβ1), can induce endothelial-to-mesenchymal transition (EndoMT) towards 

the SMC phenotype [33]. 

Important to the in situ vascular TE is the understanding of those factors which 

regulate vascular biology, such as the mechanical environment imposed  by the 

hernodynamics [12]. Mechanical forces are well-known regulators of EC and SMC 

behavior. Fluid -flow induced  wall shear stress (SS) and  cyclic strain (CS) of the 

vascular wall due to pulsatile blood flow are involved  in maintaining cell pheno type 

and  functionality, and  in regulating cell proliferation and  d ifferentiation [74,133–135]. 

Moreover, cells change their orientation in response to mechanical cues: SS induces 

ECs to orient parallel to flow direction [76,136], while CS triggers both ECs and  SMCs 

orientation perpendicularly to strain d irection [137,138], a phenomenon defined  as 

strain avoidance [139,140].  

The role of SS on ECFCs has been thoroughly investigated  in vitro: SS triggers ECFC 

differentiation towards the endothelial phenotype, as assessed  by the gain of anti-
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thrombogenic potential [76,77] and  mature endothelial cell markers, such as vascular 

endothelial cadherin [75,78]. However, few data are reported  about the synergistic 

effects of SS and biochemical cues, such as TGFβ1, on ECFCs. 

Little is also known about the influence of CS on human ECFCs. CS has been shown 

to regulate SMC behavior and  functioning [74], mesenchymal stem cells 

d ifferentiation towards the SMC phenotype [42,141], and  ECs transdifferentiation 

[138]. Considering these recent findings, we here hypothesized  the potential role of 

CS in regulating ECFC phenotype towards the SMC one, as a consequence of the 

transdifferentiation process. 

The aim of the present study is to investigate the synergistic influence of biochemical 

(eGFs, TGFβ1) and  mechanical (SS, CS) cues on ECFC behavior. The focus is to study 

whether ECFCs can undergo EndoMT in response to these stimuli and  to understand  

which of the applied  cues, biochemical or mechanical, is more relevant in controlling 

ECFC behavior. 

 

 

3.2  Materials and Methods  

3.2.1 Study design 

In this study, mechanical cues consist of the individual application of SS and CS on 

ECFCs.  Biochemical cues correspond to four d ifferent medium compositions, as 

described  in paragraph 3.4. Medium composition was used  alone to determine the 

possibility to induce EndoMT, or combined  with mechanical cues to assess potential 

synergistic effects on ECFCs. ECFC behavior was determined  by measuring changes 

in cell morphology, orientation, and  phenotype in four independent experiments 

(Figure 3.1). 

In experiment I the possibility to induce EndoMT in ECFCs was tested . For this 

experiment, ECFCs were cultured  for 14 days on fibrin -coated  13-mm coverslips and  

the effects of the d ifferent medium compositions were assessed .  

In experiment II and  III CS and SS were applied  individually to investigate how they 

modulate ECFC phenotype and  cytoskeletal organization in the presence of d ifferent 

media. These were short-term (3 days) experiments, in agreement with previous 

studies on the influence of mechanical cues on cell phenotype [76,138].  

Experiment IV was performed to investigate the effects of sequential biochemical and  

mechanical stimulation on ECFCs. Firstly, cells were statically cultured  for 14 days 

with TGFβ1 and then exposed  to CS for 3 days.  
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3.2.2 Cell isolation and  culture 

Mononuclear cells (MNCs) were isolated  from human cord  blood of a healthy donor 

(obtained  from University Medical Center, Utrecht, the Netherlands) through a 

gradient centrifuging method using Ficoll-Paque Premium (GE Healthcare). To 

isolate ECFCs, MNCs were seeded  onto collagen -coated  (10µg/ ml) culture plates, as 

previously described  [118]. Cells were cultured  in  full medium: EBM-2 medium (Lonza) 

with 10% fetal bovine serum (FBS, Greiner Bio-One), 100,000 IU/ l penicillin and  

100mg/ l streptomycin (Lonza), 4mM L-Glutamine (Lonza) and  supplemented  with 

EGM-2 Single Quots (Lonza). After 24 days of culture, ECFC colonies with 

characteristic cobblestone morphology could  be detected . These cells were then 

harvested , expanded, and  preserved  in liquid  nitrogen until further use. Prior to the 

experiments, ECFCs were thawed and  cultured  in EGM-2 medium, which was 

changed every third day, until 90% confluence was reached. Cells were then 

harvested  using 0.05% trypsin-EDTA for seeding. 

Human coronary artery endothelial cells (HCAEC), cultured  in EGM-2 medium, and  

primary human vena saphena cells (HVSC), cu ltured  in Advanced DMEM (Lonza, 

+10% FBS, 100,000 IU/ l penicillin and  100mg/ l streptomycin and  4mM L-Glutamine), 

were expanded in flasks until 90% confluence and  used  as positive controls for the 

staining of phenotypic cell markers CD31 and αSMA, respectively. 

 

 

3.2.3 Fibrin coating 

For all the experiments, cells were cultured  on fibrin -coated  substrates, since it allows 

for ECFC adhesion and  growth [142]. Fibrin coating was obtained by adding a 5% 

solution of fibrinogen from bovine plasma (Sigma) into the wells for one hour at 

room temperature. After rinsing once with PBS, wells w ere coated  with 1 U/ ml 

thrombin (Sigma) and  incubated  at 37˚C for 7 min. After washing once with PBS, the 

well-plates were used  for the experiments. 

 

3.2.4 Biochemical stimulation  

ECFCs were cultured  by using four d ifferent medium conditions; the endothelial 

basal medium EBM-2, penicillin, streptomycin, and  L-Glutamine were used  in all 

groups, but d ifferent soluble factors were then added to biochemically stimulate the 

cells: 1) full medium, prepared  as described  before (paragraph 3.2), refers to the 

endothelial medium; 2) full medium+TGFβ1 contains extra 5ng/ ml of TGFβ1compared  

to full medium; 3) bare medium, in which FBS is reduced  to 5%, the eGFs of the Single 

Quots are depleted  and  only hydrocortisone, ascorbic acid , and  GA -1000 of the EGM-

2 Single Quots are introduced; 4) bare medium+TGFβ1, which contains extra 5ng/ ml of 

TGFβ1 compared  to bare medium. 
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Figure 3.1: experimental protocol of the study and time line: application of biochemical and mechanical cues to- 

and data analysis on- cultured ECFCs. For all the experiments, Endothelial Basal Medium (EBM -2) was used, 

supplemented with penicillin and streptomycin. Additional biochemical cues were added as reported in the legend. 
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3.2.5 Mechanical stimulation 

 Cyclic straining  

For Experiment II, ECFCs were seeded  at 5000 cell/ cm
2
 on Bio-Flex Culture Plates 

(Flexcell International) coated  with fibrin. Cells were cultured  statically for 24 hours 

to allow for cell adhesion before applying strain. CS conditioning was obtained  by 

using the Flexcell FX-5000 (Flexcell International) to induce deformation of the 

flexible membrane of 5% at 1Hz, comparable to the physiological value reported  for 

the vessel wall [143]. An established  intermittent straining protocol was used , by 

applying CS for 3 hours, followed by 3 hours of resting period  [140]. This intermittent 

straining protocol has been proven beneficial for tissue engineering approaches [144]. 

Fibrin-coated  Bio-Flex Culture Plates have been used  also to culture ECFCs in static 

conditions as control groups. Cells were cultured  for 3 days by using the 4 medium 

compositions described . 

 

 Laminar flow conditioning  

For Experiment III, ECFCs were seeded  at 20000 cell/ cm
2
 into the channel formed by 

a sticky-slide Luer 0.8 (Ibid i) closed  onto a coverglass, to obtain a confluent layer. The 

channel was previously coated  with fibrin to ensure cell adhesion on the glass surface. 

Cells were cultured  statically for 24 hours before applying flow, to allow complete 

cell adhesion. Steady laminar flow was obtained  by using the Ibid i pump system to 

apply a SS of 1.25 Pa, value w ithin the physiological SS at arterial walls [11,143]. The 

flow rate and  SS were controlled  with IBIDI-Pump Control software v1.5.0. Fibrin-

coated  sticky-slides Luer 0.8 were used  to culture ECFCs in static conditions as 

control groups. Cells were cultured  for 3 days by using the 4 med ium compositions 

described . 

 

3.2.6 Quantification of cell orientation 

The variation of cell orientation due to the application of flow or strain was quantified  

by analyzing, with the software ImageJ, the longest axis of cell nucleus, as previously 

described  [145,146]. In brief, immunofluorescent images with cell nuclei stained  by 

DAPI were converted to black and  white pictures; cell nuclei were identified  by 

adjusting the threshold  and  gating the size of the selected  particles, to eliminate 

clusters of cells. Then, the angle formed by the longest axis of the nucleus with the 

abscissa axis (Feret’s Angle), was plotted  to show the percentage of cells having an 

orientation within 30 degrees intervals [147], and  ranging from 0˚ to 180˚ degrees.  
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3.2.7 Cell analysis 

Cell viability 

In Experiment I, at selected  time points (3, 7, 10, 14 days after seeding), three 

coverslips for each group were incubated  with 10 µM solution of Cell Tracker Green 

(Molecular Probes) in medium for 15 minutes and , subsequently, with 10 µM solution 

in medium of propid ium iodide (PI) for 10 minutes. After washing in PBS, cells were 

examined using fluorescent microscopy as previously described . Alive/ dead  cells 

during the labeling time were stained  green/ red  respectively by CTG/ PI. Image J 

software was used  to determine the number of CTG and PI labeled  cells. The ratio 

between dead  and  alive cells has been calculated  and  expressed  as percentage of dead 

cells. 

 

 

Cell proliferation 

In Experiment I, at selected  time points (3, 7, 10, and  14 days after seeding) 3 

coverslips for each group were labeled  with bromodeoxyurid ine (BrdU) (Roche) for 

16 hours (Fioretta, et al. 2012; Boonen et al. 2009). Subsequently, cells were fixed  in 

formalin for 15 minutes and  incubated  with an anti-BrdU antibody in buffer (1:10, 

Roche). After washing, samples were labeled  with Alexa Fluor 488-conjugated  goat 

anti-mouse IgG1 secondary antibody (1:300, Invitrogen) and  DAPI. Cells were 

examined using fluorescent microscopy as previously described . Nuclei of cells that 

d ivided  during the labeling time stained  positive for BrdU. Image J software was 

used  to determine the number of BrdU positive cells an d  the total number of cells, 

stained  with DAPI. The ratio between proliferating cells and  the total number of cells 

was calculated  and  expressed  as percentage of proliferating cells.  

 

Cell phenotype 

Immunocytochemistry was used  to visualize changes in ECFC phenotype in response 

to biochemical and  mechanical cues and  with time for Experiments I to IV. 

Endothelial (mouse anti-human CD31, IgG1, 1:200 v/ v) (Dako) and 

transdifferentiation markers (mouse anti-human αSMA, IgG2a, 1:500 v/ v) (Sigma) 

were evaluated  after 3 days of CS or SS conditioning. Cytoskeleton (stained  by 

phalloid in-Atto 488, Sigma, 1:200 v/ v) organization was observed  at 2, 6, 24, and  48 

hours after having started  the mechanical conditioning. In both cases, cells were fixed  

with 10% formalin (Sigma-Aldrich) for 15 minutes and  permeabilized  with 0.1% 

Triton X100 (Merck) in PBS (Sigma-Aldrich) for 10 minutes. Next, to block non-

specific binding, cells were incubated  for 1h in 2% w/ v solution of bovine serum 

albumin (BSA, Roche) in PBS, followed by 2h incubation with the primary  antibody 

solution in 0.5% BSA. After washing, the cells were incubated  for 1hr with the 

secondary antibody solutions (goat anti-mouse IgG1 Alexa Fluor 555, 1:300 v/ v; and 

goat anti-mouse IgG2a Alexa Fluor 488, 1:300 v/ v; for CD31 and αSMA respectively) 
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(Invitrogen) and , subsequently, with 4',6-d iamidino-2-phenylindole (DAPI, 1:1000 

v/ v) (Sigma). Samples were mounted  onto rectangular microscope coverglasses using 

Mowiol (Polyscience Inc) mounting medium. Cells were examined using fluorescent 

microscopy (Axiovert 200M, Zeiss); pictures were taken using a Zeiss AxioCam HRM 

camera and  Zeiss AxioVision Rel. 4.4 acquisition software.  

 

 

3.2.8 Data analysis 

 

Quantitative data in Experiment I are shown as means ± standard  deviation obtained 

from three samples for each experimental group, considering at least 1000 cells out of 

9 d ifferent pictures. Statistical analysis in Experiment I was performed using Graph 

Pad  Prism (GraphPad  Software, USA) and  p  values <0.05 were considered  significant. 

ANOVA with Bonferroni post-hoc testing was used  to determine significant 

d ifferences between the medium groups in relation to cell amount, cell proliferation, 

and  cell viability. 

Quantitative data in Experiment II and  III about cell orientation were obtained  by 

analyzing a minimum of 3000 cells from 9 pictures taken from three samples for each 

experimental group. 

For immunofluorescent images, three d ifferent samples were stained  and  visualized , 

and  a single representative picture was selected  for the results.  

 

 

3.3 Results 

 

3.3.1 Effects of medium composition on ECFCs 

The use of full medium, with or without TGFβ1, induced  a significantly higher 

proliferation and , therefore, a greater amount of cells, compared  to bare medium 

groups (Figure 3.2 A,B). Medium composition d id  not affect ECFC viability over time 

(Figure 3.2 C). 

In Experiment I (Figure 3.3A), only the use of bare medium+TGFβ1 induced  relevant 

morphological changes in ECFCs. After 10 and  14 days of culture in this medium, 

cells became elongated  (circled  cells in Figure 3.3A) and  spindle-shaped, with loss of 

the cobblestone morphology, which was still retained  by the cells cultured  in the 

other media. Immunofluorescent staining performed after 14 days of culture in bare 

medium+TGFβ1 showed a small subpopulation (<1%) of ECFCs that have lost the 

endothelial marker CD31 and gained  the transdifferentiation marker αSMA (Figure 

3.3B). αSMA was expressed  with fully developed stress fibers, characteristics of 

myofibroblasts. ECFCs cultured  in full medium, instead , resemble mature endothelial 

cells.  
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Figure 3.2: quantification of cell proliferation and viability in the different media used (Experiment I). A) The 

total amount of cells detected in a mm
2
 is stable during culture time for full medium groups, while it is 

significantly lower (# refers to p<0.001) in all the other groups compared to full medium and full 

medium+TGFβ1 at all time points. B) Cell proliferation is greater at day 3 for any medium condition. Significant 

differences (p<0.0001) were reported: (#) compared to full medium and full medium+TGFβ1 at day 3; (*) 

compared to bare medium at day 3; (&) compared to bare medium+TGFβ1 at day 3, and full medium at day 7 

and 10. C) The percentage of dead cells does not differ between the medium groups or depend on culture time.  
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Figure 3.3: A) phase contrast images of ECFCs cultured in different media for 14 days (Experiment I). A t early 

time points (day 3), cell morphology does not differ between the groups. Morphological changes compatible with 

EndoMT are detected at day 10 only in bare medium+TGFβ1: part of the cells elongate (circle), losing the 

cobblestone morphology and resulting in spindle-shaped cells at day 14. B) Immunofluorescent images of cells 

stained for CD31 (red), αSMA (green), and nucleus (blue). i) ECFCs cultured in bare medium+TGFβ1 for 14 

days; very few cells underwent EndoMT by expressing αSM A stress fibers, not visible in the surrounding cells 

that still express CD31. ii) ECFCs cultured in bare medium for 14 days; all the cells expressed CD31 and no 

αSMA stress fibers were detected. iii) ECs cultured in full medium resemble in size and marker expression 

ECFCs. iv) HVSCs express bright αSMA stress fibers as those developed by transdifferentiated ECFCs.     



Chapter 3 

48 

 

3.3.2 Cytoskeleton organization and  cell orientation over time 

To investigate the effects of SS and CS on cytoskeleton remodeling, ECFCs were 

cultured  in full medium and stained  for phalloid in at d ifferent time points (Figure 3.4). 

Actin filaments without a preferential organization and  fibers formed mainly 

cortically were clearly visible before the application of mechanical conditioning. Aft er 

2 and  6 hours of CS, no changes in the cytoskeleton structure were detected . However, 

after 24 hours of CS, d iffuse cytoplasmatic phalloid in staining was observed , 

ind icating lack of actin filaments in the cytoskeletal structure of the cells.  

After 48 hours, cells remodeled  their cytoskeleton perpendicularly to the strain 

d irection. However, the thin actin fibers developed by the cells were still 

predominantly cortical, with lack of an actin cap (i.e. actin fibers on top of the nuclear 

area). When considering SS, quicker actin remodeling was detected . Already after 6 

hours of flow, d iffuse cytoplasmatic phalloid in staining was recognized  and , after 24 

hours of conditioning, complete orientation of the actin fibers, parallel to flow 

direction, occurred . 

After 3 days of conditioning with either SS or CS, ECFCs orientation was quantified  

for each medium cond ition (Figure 3.5). When CS was applied , ECFCs became more 

elongated  and , independently of the culture medium, a clear strain avoidance 

behavior was detected, with the longest axis of cell nucleus perpendicular to strain 

direction (pick around 90˚). On the other hand, cells subjected  to SS showed a 

preferential orientation parallel to flow (with picks at 0˚ and  180˚) in any medium 

composition. 

 

 

Figure 3.4: immunofluorescent images of ECFCs stained for phalloidin (green) and cell nucleus (blue) show the 

cytoskeleton remodeling over time when cells are exposed to CS (Experiment II) or SS (Experiment III), and 

cultured in full medium.  
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Figure 3.5: cell nuclei orientation in different media in response to mechanical cues. Phase contrast (10x 

magnification) pictures show the morphological differences in cell orientation, quantified then in the histograms 

on their right. Mechanically conditioned cells have a preferential orientation, independently on medium content, 

if compared to the random cell distribution that occurs in static samples. CS induces cell alignment 

perpendicularly to strain direction, while SS trigger ECFC alignment parallel to flow direction.  
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Figure 3.6: immunofluorescent images of ECFC cultured in different environmental conditions and stained for 

CD31 (red), αSMA (green) and nucleus (blue). A) ECFCs cultured in static environment compared to cells 

exposed to CS (Experiment II): in all the conditions, CD31 is still expressed, but lack of cell-cell contact is 

detected with depletion of EGFs. However, few αSMA could be detected even when cells are exposed to CS or 

TGFβ1. B) ECFCs cultured in static environment compared to cells exposed to SS (Experiment III): in all 

conditions, CD31 is still clearly expressed but it is brighter at cell membrane when cells are exposed to SS. When 

TGFβ1 is added to the culture medium, more αSMA staining is visible in the perinuclear area of the cells.  
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3.3.3 ECFC phenotype in response to flow or strain 

After 3 days of mechanical conditioning in the d ifferent media, cell phenotype was 

analyzed  by immunofluorescent staining for CD31 and αSMA. 

For cells exposed  to CS (Figure 3.6A), the expression of CD31 was mainly affected  by 

medium compositions. CD31 was expressed  by the cells and  located  mainly at cell-

cell interface in full media and  delocalized  to the cytoplasm of the cells in bare media. 

Cyclically strained  cells d id  not show signs of upregulation of αSMA in any medium 

condition. When cells were exposed  to SS (Figure 3.6B), CD31 was always expressed  

at cell-cell interface, independently of medium composition. Moreover, part of the 

cells showed perinuclear αSMA expression aligned  with flow direction.  

Static samples showed expression of CD31 at cell-cell interface in full media and  

partial loss and  delocalization of this marker in bare media. Most of the cells also 

expressed  a perinuclear αSMA expression with no preferential organization. 

 

 

 

Figure 3.7: immunofluorescent images of TGFβ1-treated ECFCs cultured in static or cyclic strained conditions 

(Experiment IV). CD31 is stained red, αSMA and phalloidin green, cell nuclei is stained blue by DAPI. TGFβ1-

treated ECFCs cultured statically showed αSMA stress fibers, not detected in the strained samples. A  better 

cytoskeleton organization is generally observed in all the TGFβ1-treated ECFCs, where actin filaments are clearly 

distributed in all the cells, with a marked orientation perpendicular to strain direction.  
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3.3.4 Sequential biochemical and  mechanical stimulation of ECFCs 

In Experiment IV, only few TGFβ1-treated  cells adhered  on the flexible membrane. 

Immunofluorescent images showed loss of the endothelial marker CD31 (Figure 3.7). 

When exposed  to CS, cells d id  not expressed  αSMA stress fibers . Static culture of 

TGFβ1-treated  ECFCs showed sporadic expression of αSMA stress fibers with lack of 

CD31. Cytoskeleton organization for TGFβ1-treated  ECFCs was  characterized  by 

denser F-actin filaments compared  to experiment II and  III, with actin cap for mation 

and , when exposed  to CS, a preferential orientation perpendicular to strain d irection.  

 

3.4 Discussion  

3.4.1 EndoMT via TGFβ1 stimulation  is inefficient 

This work firstly tested  the effects of medium composition on the possibility to obtain 

smooth muscle like cells from adult human ECFCs. Previous studies used  animal-

derived  cells [149,150] but little information is reported  on human ECFCs 

transdifferentiation. Moonen et al. [33] showed that EndoMT of human ECFCs is 

mediated  by TGFβ1. The addition of TGFβ1 in a mesenchymal d ifferentiation 

medium gave rise to transdifferentiated  ECFCs with hill-and -valley morphology and  

dense actin filaments in the cytoskeleton, as in vascular smooth muscle cells. 

Experiment I showed that only in bare medium+TGFβ1, ECFCs underwent 

morphological changes compatible with EndoMT process [70]. However, just a small 

subpopulation of cells showed  loss of CD31 and formation of αSMA stress fibers. 

Among the media used , bare medium+TGFβ1 provides a biochemical environment 

more indicated  to induce EndoMT because it reduces cell proliferation, an important 

requirement to trigger cell transdifferentiation [70]. However, due to the limited 

amount of transdifferentiated  cells obtained , our data indicate that this medium 

composition alone is not an efficient method to induce EndoMT. For this reason, we 

have here investigated  whether mechanical cues, such as CS and SS, can further 

influence ECFC behavior, with focus on EndoMT. 

 

3.4.2 ECFCs do not transdifferentiate in response to mechanical cues 

The hypothesis of this study, based  on literature results [42,138], stated  that CS would  

enhance cell transdifferentiation towards the smooth muscle cell phenotype. 

However, EndoMT in response to CS could  not be confirmed from our data, d iffering 

from what was reported  for other cell types. For example, Balachandran et al. [138] 

engineered  an endothelium from sheep valve ECs with micropatterned  lanes of 

fibronectin. Then, 10% cyclic strain was applied  and  shown to induced  EndoMT, with 

upregulation of αSMA, stress fibers formation, and  increased  cell contractility. It is 
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difficult to compare our results to the work of Balachandran et al., since the 

experimental set up d iffers for the type and  origin of the cell source, the magnitude of 

strain applied , and  the substrate topography. Our data showed that, independently of 

the medium composition, the m ain effect of CS on ECFCs is strain avoidance 

behavior.  

To further test the possibility to induce transdifferentiation with CS, a sequential 

stimulation with biochemical and  mechanical cues was applied  (Experiment IV). We 

hypothesized  that by firstly applying 14 days of TGFβ1-conditioning, cells would  

upregulate contractile proteins (e.g. αSMA) that allow the cells to generate 

contraction forces to balance the external mechanical cues and  trigger EndoMT. 

However, even upon pre-conditioning with TGFβ1, CS d id  not increase the number 

of transdifferentiated  ECFCs. 

It might be argued that CS conditioning for 3 days is not sufficient to induce EndoMT. 

This time point was chosen in agreement with previous studies on the influence of 

mechanical cues on cell phenotype [76,138]. Moreover, when ECFCs were strained  for 

longer than 5 days, cell detachment from the flexible membrane occurred , making 

longer stimulation not possible. This event might be related  to the high proliferation 

rate of the cells at early time points (Figure 3.2B) leading to  the formation of a 

detachable cell-sheet. To overcome the limitation of cell detachment, other studies 

performed in our group used  ECFCs seeded in 3D fibrin gels prior to exposure to the 

same intermittent CS conditioning [151]. However, even when strained  for 14 days in 

the fibrin constructs, ECFCs d id  not show loss of CD31 or upregulation of αSMA 

markers at gene level. 

The presented  study confirmed that ECFCs cultured  in the presence of laminar flow 

align and  maintain the endothelial phenotype. Moreover, we here showed that the 

endothelial phenotype, ind icated  by the bright CD31 expression at the cell membrane, 

was preserved  in any medium condition when cells are exposed  to SS. This result 

suggests that flow-induced SS can overrule the biochemical cues provided  by the 

d ifferent media, inducing the formation of an endothelial monolayer. 

 

3.4.3 ECFC cytoskeleton remodeling depends on the mechanical cue applied  

Our data showed that cytoskeleton remodeling was faster for cells exposed  to SS than 

to CS (Figure 3.4). it is d ifficult to compare these results with literature data, since 

d ifferent cell sources and  set ups are used . As an example, adult human ECs 

subjected  to similar CS conditioning have been reported  to align in 4 hours [152,153], 

being therefore faster than the ECFCs used  in our study. Under mechanical 

conditioning, ECFCs expressed  thin F-actin filaments mainly d istributed  along the 

cortex of the cell. The absence of developed mechanotransducers, such as thick stress 
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fibers and  an actin cap [154], may explain why these cells are less responsive to CS 

compared  to other cell sources. 

When exposed  to SS, ECFC cytoskeleton aligned  in flow direction within 24 hours of 

conditioning. This organization of the cytoskeleton was recently proved to be 

involved  in determining cell d ifferentiation towards mature endothelial cells [155] 

and  confirm, therefore, the predominant effect of SS over biochemical cues in 

controlling ECFC endothelial phenotype.  

 

3.4.4 Limitations of the study 

In this study we isolated  the effects of SS and CS on ECFCs, to determine their 

ind ividual influence on cell behavior. However, SS and CS act together in the in vivo 

environment. The use of a (microfluid ic) device to combin e both SS and CS in a single 

setup [143] will provide information on which mechanical cue is dominant in 

controlling ECFC behavior .  

Moreover, EndoMT has been evaluated  only by the expression of CD31 and αSMA 

markers via immunofluorescent staining. Gene expression data can provide further 

insights about cell characterization and  cell response to the cues applied . However, in 

our experiments it was not possible to perform this type of analysis due to the small 

amount of cells that could  be harvested  from the systems.  

Finally, it is d ifficult to compare the results obtained  in these experiments with 

literature data, since cells and  settings used  are often d ifferent. The use of a d ifferent 

cell type as control group, such as mature endothelial cells, will provide further 

information about the relative response of ECFCs to the biochemical and  mechanical 

stimuli.    

 

3.4.5 Conclusion 

Circulation-derived  endothelial progenitor cells, such as ECFCs, are studied  as 

potential cell source to enhance endothelialization of stents [62], scaffolds [156], and  

for in situ repopulation of vascular grafts [36,39]. Our results showed that, when 

cultured  in 2D, ECFCs retain an endothelial phenotype in d ifferent chemical and  

mechanical environment. Their recruitment to the scaffold , therefore, may lead  to fast 

endothelialization. Due to the inefficiency of in vitro EndoMT, the recruitment of 

d ifferent cell types is recommended as source for SMC replenishment (i.e. smooth 

muscle progenitor cells [120]). Future studies should  focus on investigating the 

behavior of ECFCs in a three d imensional environment and  assessing the role of 

d ifferent scaffold  architectures on cell behavior. 
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The contents of this chapter are based  on: N. de Jonge, D.E.P. Muylaert, E.S. Fioretta, F.P.T. 

Baaijens, J.O. Fledderus, M.C. Verhaar and C.V.C. Bouten (2013). Matrix production and 

organization by endothelial colony forming cells in mechanically strained tissue constructs. Plos 

One,8(9), e73161. 
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Abstract 

Tissue engineering is an innovative method to restore card iovascular tissue function 

by implanting either an in vitro cultured  tissue or a degradable, mechanically 

functional scaffold  that gradually transforms into a living neo-tissue by recruiting 

tissue forming cells at the site of implantation. Circulating endothelial colony forming 

cells (ECFCs) are capable of d ifferentiating into endothelial cells as well as a 

mesenchymal ECM-producing phenotype, undergoing Endothelial-to-Mesenchymal-

transition (EndoMT). We investigated  the potential of ECFCs to produce and  

organize ECM under the influence of static and  cyclic mechanical strain, as well a s 

stimulation with transforming growth factor β1 (TGFβ1). A fibrin -based  3D tissue 

model was used  to simulate neo-tissue formation of ECFCs. ECM organization was 

monitored  using confocal laser-scanning microscopy. ECFCs produced collagen and  

also elastin, but d id  not form an organized  matrix, except when cultured  with TGFβ1 

under static strain. Here, collagen was aligned  more parallel to the strain d irection, 

similar to Human Vena Saphena Cell-seeded controls. Priming ECFC with TGFβ1 

before exposing them to strain led  to more homogenous matrix production. 

Biochemical and  mechanical cues can induce extracellular matrix formation by ECFCs 

in tissue models that mimic early tissue formation. Our findings suggest that priming 

with bioactives may be required  to op timize neo-tissue development with ECFCs. 

This result has important consequences for the development of scaffolds capable of 

consequential stimulation for both in vitro and  in situ  card iovascular tissue 

engineering. 
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4.1 Introduction 

Cardiovascular d iseases are a growing concern worldwide [1]. Surgical replacement 

of vascular structures such as heart valves and  blood vessels is a commonly used  

therapy. While current card iovascular replacements are effective [2,3], they often rely 

on autologous tissues in the case of vascular replacement therapy or have significant 

shortcomings, including lack of remodeling and  growth potential and  the need  for 

lifelong anticoagulation therapy. These concerns apply to pediatric patients in 

particular, necessitating reoperations throughout life as they outgrow their prostheses 

[4]. Tissue engineering (TE) has been proposed  as a potential alternative to overcome 

these limitations. A tissue engineered  card iovascular construct can be produced in 

vitro by seeding human-derived  autologous cells [5,6] onto a biodegradable 

polymeric scaffold  [7], followed by the application of biochemical and  mechanical 

stimuli in bioreactors [8]. The final product is a  living tissue [9], able to integrate, 

grow, and  remodel with the patient u pon scaffold  degradation [7]. By using a pre-

shaped scaffold , a tissue engineered  construct can be obtained  by seeding and  

conditioning human vena saphena cells (HVSCs) [8,10]. HVSCs are often used  for this 

approach because of their capacity to produce a strong extracellular matrix (ECM) 

network with d istinct collagen fiber orientation [11], which is particularly critical 

when producing a mechanically functional substitute for the frequently affected  load -

bearing card iovascular tissues. An important aim of functional TE is to gain control 

over the collagen orientation in a tissue, to create tissue substitutes that can remain 

mechanically functional and  endure ongoing straining while in circulation. 

The production of in vitro tissue engineered  constructs, while promising, is time 

consuming and  has limited  scalability. In situ  tissue engineering has been proposed  

as an innovative approach to obtain off-the-shelf available card iovascular substitutes. 

Card iovascular tissue function could  be restored  by the implantation of a 

mechanically functional but degradable scaffold  that gradually transforms into a 

living tissue at the site of implantation by recruiting and  stimulating circulating cells 

to form neo-tissue [12,13]. For both in vitro and  in situ  card iovascular tissue 

engineering approaches, major challenges are the selection of an appropriate cell 

source and  to provide the right stimuli to guide the formation of an organized  ECM 

to achieve and  maintain tissue integrity and  mechanical functioning.  

Adult peripheral blood contains a rare population of circulating cells with endothelial  

colony forming capacity [14], high proliferative potential, and  in vivo vasculogenic 

potential: Endothelial Colony Forming Cells (ECFCs). ECFCs have been proposed  as 

a potential cell source for in situ  card iovascular TE [15,16,17] because they express 

haematopoietic markers as well as endothelial markers [18]. Laminar shear stress on 

ECFCs in 2D has been thoroughly investigated: it d ifferentiates ECFCs towards the 

endothelial phenotype, as assessed  by the anti-thrombogenic potential of ECFCs 

[19,20] and  the achievement of mature endothelial cell markers [21] with an arterial-
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like phenotype [22]. Moreover, ECFCs can change their d ifferentiation pathway 

towards a mesenchymal phenotype, undergoing Endothelial-to-Mesenchymal-

transition (EndoMT); this same process occurs during embryonic valvulogenesis and  

is of great interest for matrix production for TE, the focus of this paper.  

A major stimulus that is present in card iovascular tissues is cyclic strain. With in situ  

TE, for example, right after implantation of the scaffold , cells recruited  to the scaffold  

in vivo will be under immediate and  continuous cyclic strain, while producing the 

ECM that eventually should  take over mechanical functionality from the scaffold . In 

adults, cyclic strain has been shown to induce EndoMT in valvular endothelial cells 

[23,24,25]. This process is characterized  by a down-regulation of Tyrosine kinase with 

immunoglobulin-like domains (TIE2) [26] and  an up-regulation of alpha smooth 

muscle actin (αSMA) [27]. An easily accessible circulating cell source capable of 

d ifferentiating into endothelial cells as well as an ECM-producing cell type, such as 

ECFCs, would  be of great potential for card iovascular TE.  

ECFCs can be isolated  from adult peripheral blood, though their presence in 

umbilical cord  blood is 15-fold  higher [28], and  they are a useful tool for in vitro 

experiments. In addition, in the context of in vitro TE, the high proliferative potential, 

ability to constitute an endothelial monolayer, and  easily accessible source make these 

cells an interesting alternative to HVSCs, which have to be harvested  invasively. 

Sheep ECFCs have been shown to respond to TGFβ1 with αSMA upregulation and 

tissue formation in pre-seeded in vitro cultured  heart valves [15,29,30]. There is 

evidence of colony forming cells expressing both hematop oetic and  endothelial 

markers homing to cell-free constructs in vivo in response to chemokines such as 

stromal cell derived  factor 1α (SDF1α) [31]. However, little is known about the 

response of human ECFCs to mechanical strain with regard  to their ability to create 

an oriented  collagen matrix for load -bearing card iovascular regeneration and  TE.   

Here we investigated the influence of static and  cyclic mechanical strain on the 

production of an organized  ECM by human ECFCs, by using a previously developed 

fibrin-based  3D tissue model to simulate neo-tissue formation [32]. As a control, 

HVSCs were used , since the response of HVSCs to mechanical strain has previously 

been well characterized  [33,34,35,36]. While native (card iovascular) cells would  be a 

good reference for an end -point comparison, we focused  on the matrix organization 

in response to growth factors and  mechanical strain.  

Firstly, ECFC matrix production was assessed  in the presence o r absence of TGFβ1 

and endothelial growth factors (eGFs), and  in response to static or cyclic strain. We 

found that ECFCs were able to produce collagen and  elastin. To test the hypothesis 

that transdifferentiated  ECFCs can respond d ifferently to strain (i.e.: by producing an 

oriented  collagen matrix), cells were primed with TGFβ1, in medium without eGFs, 

prior to the application of static or cyclic strain. The ECM composition (collagen I, III, 

IV and elastin) was determined  by mRNA expression analysis, flow  cytometry, 
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colorimetric elastin assay and  histology, whereas ECM architecture was monitored  

using confocal laser scanning microscopy (CLSM) combined  with live imaging. 

Furthermore, cell phenotype, or a change thereof, was assessed  from endothelial (Von 

Willebrand factor (VWF) and TIE2) and  mesenchymal (αSMA) markers.  

 

 

4.2  Materials and methods 

4.2.1 Cell culture and  experimental design  

ECFCs were isolated  from human umbilical cord  blood as previously described  [157]. 

Approval was granted  by a local ethics review board  for the use of umbilical cord  

blood for stem cell research (01/ 230K, Medisch Ethisch Toetsings Commissie (METC), 

University Medical Center Utrecht). Written informed consen t was given prior to 

collection of material. This consent procedure was approved by the METC. The study 

conforms to the principles outlined  in the Declaration of Helsinki. Three donors were 

used  for the 2D studies; one donor was used  for the 3D studies in triplo. Briefly, the 

mononuclear cell (MNC) fraction was isolated  from whole blood using Ficoll-paque 

density gradient centrifugation (400 g. for 30 minutes). MNCs were plated  on rat -tail 

collagen type I (BD Biosciences, Bedford , MA) coated  six-well culture plates (Costar; 

Corning Incorporated , Corning, NY) in a final concentration of 2x10
7
 cells per well in 

endothelial growth medium (Medium A), consisting of endothelial basal medium 

(EBM-2) (Lonza) supplemented  with 10% fetal bovine serum (FBS; Greiner Bio-One, 

Monroe, NC), 1% GlutaMax (Gibco, Carlsbad , CA), 1% penicillin streptomyocin 

(PenStrep; Lonza, Belgium) and  Single Quots (EGM-2 BulletKit (CC-3162) containing 

hEGF, Hydrocortisone, GA-1000 (Gentamicin, Amphotericin-B),  VEGF, hFGF-B, R
3
-

IGF-1, Ascorbic Acid , Heparin), hereafter referred  to as full medium. Medium was 

refreshed  daily for the first 4 days. On day 7 the cells were trypsinized  and  plated  on 

fresh collagen type I coated  wells until colonies appeared . ECFC colonies were 

isolated  and  passaged  at 90% confluency. ECFCs were used  at passage 7-9. 

ECFCs were expanded in full endothelial growth medium (Figure 4.1). These cells 

were then cultured  in 2D in d ifferent medium groups, referred  to as: 1) full medium 

(as described  before), 2) full medium +TGFβ1, 3) bare medium, and  4) bare medium 

+TGFβ1 (Figure 4.1). 5 ng/ ml TGFβ1 is used  for medium +TGFβ1. Bare medium 

consist of EBM-2, supplemented  with 2% FBS for 2D culture and  5% FBS for 3D 

culture, 1% GlutaMax, 1% PenStrep and  from Single Quots only Hydr ocortisone, GA-

1000, Ascorbic Acid  and  Heparin. 2% FBS was used  in bare med ium in 2D to slow 

down proliferation and  allow transdifferentiation. 5% FBS was used  in bare medium 

in 3D fibrin gels to avoid  cell starvation. The effects of eGF depletion and  TGFβ1 

addition during exposure to static or cyclic strain were analyzed . To study the effect 

of sequential exposure to TGFβ1 and strain, primed ECFCs, defined  as those cells 
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obtained  by 15 days of 2D culture of ECFCs in bare medium +TGFβ1, were 

subsequently cultured  in 3D fibrin gels subjected  to static or cyclic strain, cultured  in 

bare medium +TGFβ1 as well. 

 

 

Figure 4.1: Schematic overview of the experimental set up. Top view shows 2D cell layer and 3D constructs on 

Bioflex plates with 2 (static strain protocol) or 4 (cyclic strain protocol) rectangular Velcro strips glued to the 

flexible membrane. Scale bar indicates 3 mm. Velcro strips leave space for cell-populated fibrin gels. Side views 

show schematic cross-section of the Flexcell setup used for cyclic strain application. When vacuum is applied, the 

flexible membrane is deformed over a rectangular loading post resulting in a uniaxial strain of the membrane and, 

thus, of the tissue. ECFCs were cultured in full medium, full medium +TGFβ1, bare medium and bare medium 

+TGFβ1. The bottom row shows analyses performed on the samples. 
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Vascular-derived  cells, for 2D and 3D culture of control groups, were acquired  from 

one donor in accordance to Dutch guidelines for secondary use material. HVSCs were 

isolated  from a human vena saphena magna following established  protocols [158]. 

Culture medium consisted  of advanced  Dulbecco’s modified  Eagle’s medium (a-

DMEM; Gibco, Carlsbad , CA), supplemented  with 10% FBS, 1% GlutaMax and 1% 

PenStrep and  was refreshed  every three days. The cells were passaged  at 100% 

confluency. HVSCs were used  at passage 7. 

 

4.2.2 Tissue culture and  strain  application 

Tissue culture 

To investigate strain-induced  matrix formation and  organization by the cells, a 

previously developed system was used  to host and  strain 3D tissue constructs [140]. 

In brief, Velcro strips (8x3 mm) were glued  to the flexible membranes of untreated  6-

well Bioflex culture plates (Flexcell, McKeesport, PA) by using Silastic MDX4-4210 

(Dow Corning, Midland, MI). For static culture, two Velcro strips per membrane were 

placed  in opposite position to leave a rectangular space (4x5 mm) for a cell-populated  

fibrin gel of 80 μl (Figure 4.1). For cyclic culture, four rectangular Velcro strips were 

glued  per membrane to form a cross shape and  leaving a square space (5x5 mm) for a 

cell-populated  fibrin gel of 120 μl (Figure 4.1). This procedure was chosen because 

uniaxial static culture induces collagen orientation [139,140], while cyclic straining of 

biaxially constrained  tissues induces strain avoidance with concomitant collagen 

orientation in myofibroblast-seeded  tissues [139,159]. Hence this set-up allows to 

study the mechano-response of cells and  collagen organization in 3D constructs. The 

Bioflex plates were placed  on a Flexcell FX-40001 system (Flexcell Int.) located  in an 

incubator for prolonged strain application. 

The fibrin gels were used  as temporary matrix to create 3D cell-populated  constructs 

with sufficient tissue integrity for strain application [140]. In brief, bovine fibrinogen 

and  bovine thrombin were combined  to produce final construct concentrations of 10 

mg/ ml fibrinogen, 10 IU/ ml thrombin and  15x10
6
 cells/ ml, based  on methods used  

for TE heart valves [160]. ECFCs, primed ECFCs, and  HVSCs (for control tissues) 

were mixed  with the fibrin gel forming solution and  plated  immediately between the 

Velcro strips. The gels d id  not adhere to the flexible membrane (Figure 4.1). The 

constructs were incubated  for 30 min at 37
o
C in a humidified  95/ 5% air/ CO

2
 

incubator to allow gelation before culture medium was added. For the first  seven 

days of culture 1 mg/ ml ε -Amino Caproic Acid  (ε ACA; Sigma-Aldrich, St Louis, MO) 

was added to prevent fibrin degradation. Medium was replaced  three times a week, 

and  constructs were cultured  up to 19 days in medium groups A-D. All medium 

groups for ECFCs contained  EBM-2 with 1% GlutaMax and 1% Penstrep.  
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Straining protocols 

The Flexcell system applies a strain to the Bioflex plates by applying a vacuum to the 

membrane, pulling the membrane over a loading post (Figure 4.1). Rectangular posts 

were used  underneath the membranes, resulting in uniaxial strain applied  to the 

tissues. Constructs in all experimental groups were first cultured  statically for 5 days 

to achieve initial tissue integrity. Static strain constructs were then cultured  for 

another 14 days while the tissue compacted  between the Velcro constraints. Cyclic 

constructs were subjected  to cyclic strain for the next 14 days, using a previously 

established  intermittent uniaxial straining protocol. This protocol consisted  of an 

intermittent strain of a sine w ave between 0% and 5%, at a frequency of 1 Hz for 

periods of 3 hours, alternated  with 3 hours resting periods. Previous studies with 

HVSC-seeded constructs ind icated  that this protocol rapid ly (< 3 days) results in 

aligned  collagen formation in 3D tissues [140]. 

 

 

4.2.3 Tissue analysis 

qPCR 

Total RNA was isolated  from the tissues using Trizol isolation according to the 

manufacturer’s protocol (Trizol, cat#10296-010, Invitrogen, Life Technologies Europe 

BV, Bleiswijk, the Netherlands). Samples were d issolved  in Trizol and  homogenized  

in a Precellys 24 tissue homogenizer (Precellys, Bertin Technologies, Aix-en Provence, 

France). cDNA was synthesized  using iScript according to the manufacturer’s 

protocol (iScript, Cat#170-8891, Bio-Rad, Hercules, California, United  States). qPCR 

was performed using the primers listed  in Table 4.1 and  data was analyzed  using the 

delta-delta CT method, normalized  to GAPDH expression. 

 

Immunohistochemistry and histology 

Immunohistochemistry was performed on cells cultured  in monolayers on 

coverglasses. Cells were fixed  with 10% formalin (Sigma-Aldrich) for 15 minutes and 

permeabilized  with 0.1% Triton-X-100 (Merck, Germany) in PBS (Sigma-Aldrich) for 

10 minutes. To block non-specific binding, cells were incubated  for 1h in 2% w/ v 

solution of bovine serum albumin (BSA, Roche) in PBS, followed by 2 hours 

incubation with the primary antibody solution in 0.5% BSA. After washing, the cells 

were incubated  with the secondary antibody solutions and , subsequ ently, with DAPI. 

Samples were mounted  onto rectangular microscope slides using Mowiol mounting 

medium and analyzed  by fluorescent microscopy (Axiovert 200, Carl Zeiss). All used  

antibodies are listed  in Table 4.2. Histology was performed on 3D tissue constructs. 

The constructs were first washed in phosphate-buffered  saline (PBS), embedded in 

Tissue-Tek (Sakura, the Netherlands) and  then frozen in isopentane at -80
0
C. 

Transverse cross-sections of 10 µm were cut and  stained  with Verhoeff van Gieson 

(VvG) for detection of collagen and  elastic fibers and  visualized  by light microscopy.  
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Table 4.1: EndoMT markers and ECM genes and corresponding primer sequences used for qPCR. 

 

Gene Type Function Forward primer Backward primer 

VWF Endothelial Clotting factor CCGATGCAGCCT

TTTCGGA 

TCTGGAAGTCCCC

AATAATCGAG 

TIE2 Endothelial Angiopoietin 

receptor 
TCCGCTGGAAGT

TACTCAAGA 

GAACTCGCCCTTC

ACAGAAATAA 

αSMA Mesenchyma

l 

Cell contractility, 

structure 
CAGGGCTGTTTTC

CCATCCAT 

GCCATGTTCTATC

GGGTACTTC 

Elastin Extracellular 

matrix 

Elastic part CGCCCAGTTTGG

GTTAGTTC 

CACCTTGGCAGCG

GATTTTG 

Collagen 

type I 

Extracellular 

matrix 

Load bearing 

part 
GTCGAGGGCCAA

GACGAAG 

CAGATCACGTCAT

CGCACAAC 

Collagen 

type III 

Extracellular 

matrix 

Fibrillar collagen TTGAAGGAGGAT

GTTCCCATCT 

ACAGACACATATT

TGGCATGGTT 

Collagen 

type IV 

Extracellular 

matrix 

Basal lamina AGATAAGGGTCC

AACTGGTGT 

ACCTTTAACGGCA

CCTAAAATGA 

 

 

Live confocal microscopy 

To visualize the organization of cells and  collagen fibers in the engineered  constructs, 

confocal microscopy was performed as described  previously [16]. In short, samples 

were labeled  by Cell Tracker Orange (CTO; Invitrogen Molecular Probes) and  

CNA35-OG488 (CNA) [83], to fluorescently stain cell cytoplasm and  collagen 

respectively. CTO and CNA are excitable at 466 nm and 520 nm. Scans were made 

using an inverted  Zeiss Axiovert 200 microscope (Carl Zeiss, Oberkochen, Germany) 

coupled  to an LSM 510 Meta (Carl Zeiss) laser scanning microscope.  

 

 

Flow cytometry 

Cells cultured  in 2D with medium A and  D were trypsinized  and  allowed to recover 

for 10 minutes at room temperature in EBM-2 medium with 2% serum. After washing 

with PBS the cells were fixated , permeabilized  and  stained  with LeukoPerm (cat# 

YSRTBUF09, Gentaur Belgium BV, Kampenhout, Belgium) according to the 

manufacturer’s protocol. Briefly: cells were washed  in PBS and  stained  for the 

extracellular marker CD31, washed and  fixated  for 15 minutes in fixation buffer. 

Following washing steps in PBS the cells were permeabilized  and  stained  for the 
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intracellular marker αSMA for 30 minutes. After final washing steps the cells were 

analyzed  on a FACS CANTO II flow cytometer and  data was analyzed  using 

FACSDIVA software. 

 

 

Elastin quantification 

The Fastin Elastin Assay (Biocolor, UK) was used  to quantify elastin content of tissue 

samples, after qPCR was performed. To extract proteins from tissue samples in Trizol, 

protein isolation was performed using 2-propanol (Merck) and proteins were washed  

using guanid ine hydrochlorine (0.3 M, Sigma), according to manufacturer’s protocol. 

To extract insoluble α -elastin from tissue samples, several extraction steps were used , 

incubating tissue samples with oxalic acid  anhydrous (0.25 M, Fluka Chemie, St. 

Louis, MO) for 1 hour at 100
0
C. The extract is treated  as described  in  the 

manufacturer’s protocol, and  dye intensity is measured  at 513 nm. Elastin content is 

calculated  in μg per amount of tissue sample, for n=3.  

 

 

Table 4.2: Antibodies and corresponding secondary antibodies used for immunofluorescence. 

 

Marker Primary antibody Secondary antibody 

CD31 Mouse anti-human IgG1;  

1:100 v/ v 

(Dako) 

Alexa fluor 555 goat anti-

mouse IgG; 1:300 v/ v 

(Invitrogen) 

Collagen type I Mouse anti-human IgG1;  

1:100 v/ v 

(Abcam) 

Alexa fluor 488 goat anti-

mouse IgG1; 1:200 v/ v 

(Invitrogen) 

Collagen type III Rabbit anti-human IgG;  

1:200 v/ v 

(Abcam) 

Alexa fluor 555 donkey 

anti-rabbit IgG(H+L); 1:300 

v/ v 

(Invitrogen) 

Collagen type IV Mouse anti-human IgG1;  

1:100 v/ v 

(Abcam) 

Alexa fluor 555 goat anti-

mouse IgG1; 1:300 v/ v 

(Invitrogen) 

αSMA Mouse anti-human IgG2a;  

1:500 v/ v 

(Sigma) 

Alexa Fluor 488 goat anti-

mouse IgG2a; 1:300 v/ v 

(Invitrogen) 
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Statistical analysis 

qPCR results are shown as means +/ - standard  deviation. Statistical analysis was 

performed using GraphPad Prism 5.0 (Grap hPad Software, San Diego, California, 

USA) and  p values <0.05 were considered  significant. T-test was used  to analyze flow 

cytometry data and  one-way ANOVA with post-hoc Tukey analyses were used  to 

analyze qPCR data 

 

 

4.3 Results  

Culturing ECFCs in 3D und er static strain resulted  in an upregulation of gene 

expression for collagen I and  III relative to ECFCs in 2D (Figure 4.2). In addition, 

histology showed that ECFCs had  produced  collagen as well as elastin throughout 

the tissue constructs (Figure 4.3A). N o clear elastin structures were found in HVSC 

tissue constructs, though the elastin quantification (Figure 4.3B) showed that α -elastin 

monomers were produced in amounts similar to ECFCs. The strained  ECFCs showed  

no significant d ifferences in elastin content for the d ifferent conditions (Figure 4.3B).  

The expression of collagen I and  III in cyclically strained  constructs was significantly 

reduced  relative to the static controls (Figure 4.2A), ind icating an inhibitory effect of 

cyclic strain. These results were consistent for all medium groups, ind icating collagen 

I and  III gene expression was mostly related  to the type of strain applied , rather than 

to growth factors in the culture medium. The confocal images showed that, contrary 

to HVSCs, ECFCs deposited  collagen in tubular structures (see also Figure 4.10 A), 

except when cultured  in the presence of TGFβ1 and the absence of eGFs under static 

strain (Figure 4.4A). Here, collagen was aligned  to strain d irection, similarly to 

HVSC-seeded controls (Figure 4.4C).  
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Figure 4.2: qPCR of ECFCs and primed ECFCs under static and cyclic strain in 3D. Expression of ECM genes 

is shown relative to primed ECFCs before seeding into the 3D gels. (A) Cyclic strain significantly decreased 

expression of collagen type I and III in ECFCs for all medium groups. The expression of collagen IV  was not 

detected. (B) Cyclic strain significantly upregulated expression of collagen type I and III in ECFCs primed with 

TGFβ1. Elastin expression was reduced in these cells in response to cyclic strain. * = p <0.05, ** = p <0.01, N=3. 
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Figure 4.3: (A) Verhoeff van Gieson staining on slices of 3D constructs for elastin and collagen; representative 

images are shown for the staining, with elastin in blue-black and collagen in red. On this global scale results for 

all ECFC groups (all medium groups, static or cyclic strain) were similar. (i) ECFCs showed both collagen and 

elastin, (ii) HVSCs showed only collagen. (iii) Native human tissue was used as a positive control for collagen 

and elastin. Scale bar 200 μm for top figures, 25µm for bottom ones. (B) Fastin Elastin assay for quantification of 

elastin; some significant differences were detected between the groups (* indicates p<0.05) but were not a result of 

e.g. strain or addition of TGFβ1. N=3.  
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Figure 4.4: Confocal images of details (duplo) of ECFC- and HVSC-seeded constructs. Constructs were cultured 

for 19 days in all medium groups and under static or cyclic strain. Cells are shown in red, collagen in green. (A) 

ECFCs formed cell colonies and produced tubular collagen structures (indicated by white arrows) independent of 

medium type or strain, except when cultured in bare medium +TGFβ1 under static strain, when a slightly more 

alinged matrix was observed. (B) Primed ECFCs distributed more homogenously throughout the tissue and 

deposite collagen more homogenously throughout the tissue. (C) HVSCs showed distinct collagen alignment and 

strain responsiveness: collagen aligned parallel to the uniaxial strain direction in case of static straining and 

orthogonal to the strain direction in the cyclically loaded, biaxially constrained tissues. Scale bar indicates 50 µm.  
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We tested  whether priming ECFCs by TGFβ1 addition and  eGF depletion could  

initiate transdifferentiation into an ECM-expressing cell type that is strain -responsive. 

To confirm endothelial phenotype, ECFCs were firstly analyzed by flow cytometry 

(Figure 4.5): ECFCs were positive for endothelial markers CD105, CD31 and KDR, 

while being negative for leukocyte markers CD14 and CD45, indicating a mature 

endothelial phenotype [30]. After two weeks of 2D culture in bare medium +TGFβ1, 

the mRNA levels of endothelial markers (VWF and TIE-2) were downregulated , 

while the expression of αSMA was significantly up regulated  compared  to full 

medium (Figure 4.6A).  

 

 

 

Figure 4.5: Flow cytometry of ECFCs before and after priming with TGFβ1 and depletion of eGFS for 15 days. 

(A) The percentage of cells positive for αSMA increased to 20%. The percentage of cells positive for CD31 

remained 100%. (B) Representative scatterplots of ECFCs before priming with TGFβ1. Scalebar indicates 200 

µm. 
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The expression of the ECM genes collagen I, III and  elastin was upregulated 

significantly in bare medium, with or without TGFβ1 (Figure  4.6B), while a 

downregulation in collagen type IV expression was found. Immunohistochemistry 

showed that, while αSMA stress fibers were present, CD31 also remained  detectable 

(Figure 4.7). However, in the presence of TGFβ1 the localization of the CD31 pro tein 

shifted  from the cell membrane to a more cytosolic d istribution (Figure 4.7), 

ind icating a loss of intercellular adhesion. Culturing ECFCs in a 3D environment in 

these culture media under static or cyclic strain resulted  in no significant variation of  

endothelial markers or αSMA on gene level for any medium condition (Figure 4.8). 

 

Figure 4.6: qPCR of ECFCs cultured in 2D for 14 days on collagen type I coating. (A) Full medium +TGFβ1 

and bare medium showed an increased αSMA expression compared to ECFCs of full medium. Bare medium 

+TGFβ1 showed a light downregulation of endothelial markers VWF and TIE2, while the expression of αSMA 

was significantly upregulated. (B) With full medium +TGFβ1 and bare medium with or withour TGFβ1 a 

significant increase in collagen type I, III and elastin was detected. A  decrease in collagen IV  expession was found 

for collagen type IV . * = p <0.05, ** = p <0.01, N=3. 
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Figure 4.7: Phase contrast and immunofluorescent images of ECFCs cultured for 14 days on coverglasses in 

different media. Phase contrast pictures at 10x magnification show the complete change in ECFC morphology in 

bare medium +TGFβ1, where cells are elongated and they have lost the cobblestone morphology, similarly to what 

was obtained in Chapter 3 (Figure 3.3). Immunostaining for CD31 (red),  αSMA (green) and DAPI (blue), 

confirmed the differences observed by optical imaging, with loss of CD31 in part of the cells cultured in medium 

+TGFβ1 and αSMA stress fibers only detected in bare medium +TGFβ1. Immunostain ing for collagen type III 

(green), IV  (red) and DAPI (blue) showed a decrease in matrix production in bare medium with or without 

TGFβ1. This result was also confirmed for collagen type I (red). The scalebar represents 100 μm. 
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Figure 4.8: qPCR of ECFCs cultured in 3D in all medium groups under static or cyclic strain. Expression of 

EndoMT genes is shown relative to ECFCs before seeding into the 3D gels. Medium groups and static or cyclic 

strain did not result in any significant altering of the gene expression of VWF, TIE2 and αSMA. N=3 

 

To assess the response to sequential exposure of TGFβ1 in 2D, followed  by 

mechanical strain in 3D, cells were cultured  for two weeks in bare medium + TGFβ1. 

Upon the TGFβ1 priming, 20% of the cells were positive for αSMA  but still all the 

cells (100%) resulted  positive for CD31 as measured  by flow cytometry (Figure 4.9 A), 

confirming immunohistochemistry results (Figure 4.7). The TGFβ1-primed ECFCs 

were then cultured  under static or cyclic strain conditions in 3D, in bare  medium 

+TGFβ1. These cells d istributed  more homogenously throughout the fibrin tissue 

(Figure 4.4B, Figure 4.11), similar to HVSCs (Figure 4.4C), and deposited  collagen in a 

more homogenous pattern (Figure 4.4B and Figure 4.10 B). Collagen I and  III 

expression was significantly increased  and  elastin was decreased  in response to cyclic 

strain as compared  to static strain (Figure 4.2B). Although lowered  by cyclic strain, 

the elastin gene expression in static constructs remained  higher in primed ECFCs in 

3D compared  to primed ECFCs in 2D. There was, however, no alignment of the 

produced collagen fibers in response to strain d irectionality (Figure 4.4B). In contrast, 

HVSCs, frequently used  in pre-seeded tissue TE, showed a clear alignment of matrix 

in response to strain d irection (Figure 4.4C).  
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4.4 Discussion 

Cardiovascular tissue engineered  constructs have to function under continuous 

hemodynamic loads. Here, we analyzed  the response of a potential new cell source 

for card iovascular tissue engineering, ECFCs, to combined  and  sequential stimulation 

with mechanical strain and  growth factors. Although sequential stimulation has been 

studied  for the production of ECM for in vitro card iovascular tissue engineering 

applications [5,29,42,45,46], the production and  orientation of matrix by circulating 

progenitor cells in response to cyclic strains has received  little attention. Our results 

showed that EFCFs in 3D constructs produced organized  collagen and  elastin. At the 

gene expression level cyclic straining of the constructs – even in the presence of 

TGFβ1 – was shown to inhibit ECM expression as compared  to static strain conditions 

after 19 days of culture. Interestingly, priming ECFCs with TGFβ1 prior to exposure 

to strain was shown to upregulate the expression of ECM genes in a mechanically 

active environment. The observation that priming with TGFβ1 is required  to obtain 

proper neo-tissue development (under cyclic strain) is consistent with results in heart 

valve TE [47] and  other tissue engineering fields such as myocard ial and  vascular 

regeneration [45,48].  

One of the main drawbacks of HVSCs as a cell source for vascular structures is their 

lack of elastin network formation. Histology showed that in spite of elastin 

production, HVSCs were not able to polymerize and  form an elastin network on a 

tissue level, whereas ECFCs d id  produce elastin in a more organized  manner, 

visualized  by histology (Figure 4.3 A). There was no significant influence in the 

amount of elastin protein produced by ECFCs regard less of culture medium or 

straining, which contrasts with the downregulation of elastin mRNA found in 

response to cyclic strain in all conditions. Th is may be explained  by deposition of 

elastin proteins prior to downregulation of the elastin gene. A similar effect was also 

seen by Seliktar et al., who studied  smooth muscle cells and  myofibroblasts in 

collagen gels. On mRNA level elastin upregulation was detected the first few days 

(up to 8 days), but upregulation was less in strained  gels compared  to unstrained  gels 

[49].  

In 2D static ECFC culture, removal of eGFs and  addition of TGFβ1 induced  a change 

of phenotype towards a matrix producing phenotype on a gene expression level. 

Interestingly, in 3D fibrin gels under static strain conditions ECFCs showed an 

upregulation of ECM genes, regard less of TGFβ1 or eGF depletion, ind icating that 

placement in a 3D environment by itself promotes ECM gene expression. However, 

this upregulation was not seen when ECFCs were cyclically strained , ind icating that 

cyclic strain, such as may be found in card iovascular structures, may not be beneficial 

for matrix production by ECFCs.  
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Figure 4.9: Flow cytometry of ECFCs before and after priming with TGFβ1 and depletion of eGFS for 15 days. 

(A) The percentage of cells positive for αSMA increased to 20%. The percentage of cells positive for CD31 

remained 100%. (B) Representative scatterplots of ECFCs before priming with TGFβ1 and (C) after priming 

with TGFβ1. 

 

 

Figure 4.10: 3D reconstructions of collagen distribution (green) in 3D fibrin gels produced by: A) ECFCs 

cultured in full medium and B) TGFβ1-primed ECFCs cultured in bare medium +TGFβ1.Cells are stained red. 

Confocal scans are converted to a 3D reconstruction showing a typical example. Tubular structures forming 

holes (arrow) can be observed when ECFCs are cultured in full medium. Cell priming with bare medium+TGFβ1 

results in a more homogeneous collagen distribution throughout the gel. Scale bar indicates 50 μm. 
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In contrast to untreated  ECFCs, TGFβ1-Primed ECFCs gave a more homogeneous 

d istribution of cells and  collagen throughout the 3D constructs and  an upregulation 

of ECM gene expression for collagen I and III in cyclic compared  to static strain. 

These results underline the importance of the 3D in vitro environment and  an 

appropriate sequence of exposure to biochemical and  mechanical stimuli for matrix 

production, relevant for the optimal engineering of load -bearing card iovascular 

tissues. Compared  to the tubular structures that developed with ECFC cultures 

(Figure 4.10 A), the ECM structure formed by TGFβ1-primed ECFCs (Figure 4.10 B) is 

more homogeneous. These cells produced a more homogeneous d istributed  matrix, 

and  even though 2D images seem to show tubular structures with smaller d iameters 

(Figure 4.4 B), in the 3D reconstruction (Figure 4.10 B) it can be appreciated  that these 

structures do not extend  throughout the construct. For load -bearing properties this 

will give better results, though the collagen structure is still not a load -bearing, 

anisotropic collagen network comparable to the aligned  collagen fibers formed by 

HVSCs (Figure 4.4 C).  

Our data suggest that optimizing the timing between attracting circulating cells to the 

scaffold  and  exposing them to biochemical cues may be of critical importance for 

card iovascular TE. The timing could  potentially be influenced  in an in situ  TE context 

by incorporating TGFβ1 d irectly into the scaffold  material with tunable slow release 

systems [50,51]. The idea of combining effects of bioactive mater ials to induce 

EndoMT with scaffolds with load -bearing mechanical properties, has been reviewed 

by Sewell-Loftin et al.[52]. In addition it was previously reported  that after seeding 

sheep ECFCs into a 3D scaffold , expression of αSMA and ECM genes was increased  

[29,30] though no mechanical straining was applied  in these studies. Consistent with 

our results, these cells were reported  to express both αSMA and CD31 after TGFβ1 

stimulation.  

In our study only a limited  number of cells primed with TGFβ1 responded with 

αSMA gene upregulation. A non-uniform transdifferentiation of ECFCs into matrix 

producing cells may be due to a variation in d ifferentiation potential [53], and  could  

also explain why the TGFβ1-primed ECFCs were not strain responsive and  unable to 

align themselves and  the deposited  collagen fibers. A limitation to our experiments is 

that we only studied  neo-tissue formation on one time point in its early phase. How 

this tissue develops and  matures over longer periods of time sh ould  be carefully 

examined in in vivo studies.  

A clear advantage of ECFCs compared  to HVCS is their circulating nature, making 

them a more easily accessible cell source for both in situ  and  in vitro tissue 

engineering strategies. In addition ECFCs are cap able of constituting a mature 

endothelial lining after culture [19,20,21,22] and  stem from a circulating progenitor 

precursor. Though ECFCs and primed ECFCs are the result of extensive in vitro 

treatments, they also represent a model system for circulating progenitor cells capable 
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of populating single-step in situ  vascular grafts and  heart valves [16,54,55]. Due to the 

low circulating progenitor cell number in peripheral blood , specific ECFC recruitment 

and  adhesion into such grafts remain challenging [56,57]. Potential strategies could 

draw inspiration from studies showing increased  mobilization in response to factors 

released  following ischemic damage [58]. It has been shown that with use of VEGF 

the number of circulating endothelial progenitor cells (EPCs) can be increased  [57]. It 

is likely that any cell-free graft will attract a mixed  population of cells, and  strategies 

are actively being explored  to preferentially attract progenitor cells [56,57]. Attraction 

of a selective cell population has been extensively reviewed by de Mel et al. [57], 

where they d iscuss a strategy where endothelium derived  macromolecules are used  

to assist in specific EPC adhesion.  

 

In conclusion, we showed that ECFCs can produce ECM in a 3D construct, but do not 

do this in response to strain to create an oriented , load -bearing collagen organization, 

needed for card iovascular functioning. This implies that mechanical stimuli such as 

found  in card iovascular application may inhibit ECM formation by ECFCs. However, 

TGFβ1-priming of ECFCs before exposure to strain enhanced  matrix production and 

matrix organization. Since card iovascular constructs have to function under 

considerable mechanical strain these observations are highly relevant for this 

potential cell source. Our results ind icate that the well-studied  response to 

mechanical strain of HVSCs in terms of matrix production and  remodeling cannot be 

extrapolated  to other cell types, such as ECFCs, without additional research. ECFCs 

are an interesting potential cell source since they could  both form an endothelial 

lining on the surface of an engineered  tissue and  have the potential to produce ECM, 

but a sequential exposure to stimuli is param ount to achieve the desired  cellular 

behavior. Additional knowledge on how to control and  time these triggers may lead 

to the development of scaffold  materials that guide the development of functional 

card iovascular tissue.   
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Abstract 

In situ vascular tissue engineering (TE) aims at regenerating vessels using implanted  

synthetic scaffolds. An envisioned  strategy is to capture and  d ifferentiate progenitor 

cells from the bloodstream into the porous scaffold  to initiate tissue formation. 

Among these cells are the endothelial colony forming cells (ECFCs) that can 

d ifferentiate into endothelial cells and  transdifferentiate into smooth muscle cells 

under biochemical stimulation. The influence of mechanical stimulation is unknown, 

but relevant for in situ vascular TE because the cells perceive a change in mechanical 

environment when captured  inside the scaffold , where they are shielded  from blood 

flow induced  shear stresses. Here we investigate the effects of substrate stiffness as 

one of the environmental mechanical cues to control ECFC fate within scaffolds. 

ECFCs were seeded on soft (3.58±0.90kPa), intermediate (21.59±2.91kPa), and  stiff 

(93.75±18.36kPa) fibronectin-coated  polyacrylamide gels, as well as on glass controls, 

and  compared  to peripheral blood mononuclear cells (PBMC). Cell behavior was 

analyzed  in terms of adhesion (vinculin staining), proliferation (BrdU), phenotype 

(CD31, αSMA stainings and  flow cytometry), and  collagen produ ction (col I, III, IV). 

While ECFCs adhesion and  proliferation increased  with substrate stiffness, no change 

in phenotype was observed . The cells produced no collagen type I, but abundant 

amounts of collagen type III and  IV, albeit in a stiffness-dependent organization. 

PBMCs d id  not adhere to the gels, but they d id  adhere to glass, where they expressed 

CD31 and collagen type III. Addition mechanical cues, such as cyclic strains, should  

be studied  to further investigate the effect of the mechanical environm ent on captured  

circulating cells for in situ TE purposes. 
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5.1 Introduction 

Mechanoregulation of cell fate has been extensively studied  [161–163] and  substrate 

stiffness has been recognized  as a key factor to regulate cell behavior and , more 

specifically, stem cells d ifferentiation [40]. Several research groups confirmed that 

substrate stiffness can also be used  to d irect adult cell behavior [164,165] in terms of 

migration, proliferation, and  formation of stress fibers and  focal adhesions [148,166]. 

Cell mechanoregulation is of relevance for tissue engineering (TE) approaches, where 

cells are seeded  into a scaffold  that replaces the native Extracellular Matrix (ECM). It 

becomes even more relevant in case of in situ TE, where a cell-free scaffold  must 

guide and  control cell recruitment, d ifferentiation, and  functional tissue formation 

upon implantation [25]. Our studies in this area focus on in situ vascular TE and aim 

at capturing and  d ifferentiating circulating cells from the blood stream within a 

scaffold  to restore the integrity of small arteries.  The blood stream contains several 

populations of circulating Progenitor Cells (cPCs) that contribute to vascular 

regeneration [29,67]. cPCs can adhere to sites of ischemia or vascular injury through a 

three-stage process (i.e.: cell recruitment, rolling, and  engraftment) involving α
4
β

1
 

integrins and  cytokines (SDF-1α, VEGF) [167,168]. Moreover, these cells are 

responsible for in vivo endothelialisation of synthetic scaffolds through their 

d ifferentiation into functional Endothelial Cells (ECs) [19,21]. Among the cPCs, 

Endothelial Colony Forming Cells (ECFCs) have been identified  as a candidate cell 

source for in situ vascular TE [156]. These cells have a high proliferation rate and 

intrinsic endothelial characteristics[66]. In addition, they can migrate through the 

elastic lamina of the vessel wall and  transdifferentiate into a synthetic and  contractile 

phenotype similar to smooth muscle cells (SMCs) [167]. Therefore, ECFCs have the 

potential to d ifferentiate in the two d ifferent cell lineages (ECs and  SMCs) required  to 

regenerate small arteries.  

Synthetic scaffolds for in situ vascular TE should  be able to rapid ly recruit desired  cell 

populations to induce tissue formation. Ideally, 3D fibrous and  porous scaffolds are 

used  for this purpose to capture cells from the blood stream. Optimization of scaffold  

properties, being either biochemical or biophysical properties, can be pursued  to 

guide and  control cell fate within the scaffold . 

Cells captured  from the blood stream will perceive a change in mechanical 

environment. Part of them will adhere to the luminal surface of the scaffold , where 

they are exposed  to blood flow induced  shear stresses and  the surface prop erties of 

the underlying scaffold . The majority of the cells, however, will be captured  inside the 

porous scaffold , where they are shielded  from the shear stress exerted  by the blood. 

Here, they will be exposed  to the mechanical environment of the scaffold , as well as 

to the local cyclic strains of the vessel wall. In general, synthetic scaffold  materials 

have a higher stiffness (kPa-MPa) compared  to native tissues (1-100kPa) [40]. 

Therefore, it is important to identify cell behavior in relation to this parameter. 



Chapter 5 

80 

  

This study aims to investigate if substrate stiffness has a role in controlling the fate of 

circulating progenitor cells, and  the relevance of this mechanical cue for in situ 

vascular tissue engineering approaches. For this purpose human ECFCs were seeded 

on polyacrylamide (PA) gels with varying stiffness, and  cell behavior was 

characterized  in terms of adhesion, proliferation, d ifferentiation, and  collagen 

production. A combination of αSMA expression and  collagen production was used  to 

mark the transdifferentiation potential of ECFCs [34]. Because ECFCs become 

adherent after the isolation process, circu lating peripheral blood mononuclear cells 

(PBMC), recruited  also on PA gels, were used  for comparison.  

 

5.2 Materials and methods 

Reported  results were obtained  from three independent experiments. In the first two 

experiments ECFCs were seeded  on  fibronectin-coated  PA gels and glass substrates at 

day 0. Analyses were performed 2 days (day2) or 4 days (day4) after seeding, with the 

exception of cell proliferation (determined  in the second night after seeding). The 

third  experiment involved  the recruitment of PBMCs from a cell solution onto 

fibronectin-coated  PA gels and  glass. These cells were only analyzed  at day4, because 

of the low cell yield  after 2 days of culture. Material batches, as well as ECFCs batch 

and  passage, were similar for all experiments.  

Cell fate was assessed  from 1) phenotypic markers against CD31 (differentiation 

towards EC lineage) and  αSMA (transdifferentiation towards SMC lineage) using 

immunocytochemistry and  flow cytometry; 2) cell adhesion and  cytoskeletaon 

organization using immunofluorescent stainings for vinculin (focal adhesions, FAs), 

vimentin (intermediate filaments) and  phalloid in (stress fibers); and  3) antibodies 

against collagen type I, III, and  IV to identify relevant matrix proteins of the vascular 

wall and  basal lamina. 

 

5.2.1 Substrate preparation and  characterization  

PA gels were prepared  to obtain three d ifferent stiffness values within the range of 

physiological tissue stiffness (1-100 kPa) [162]. The gels were prepared  using a 

method adapted  from literature [148]. N,N’,N’-methylene-bis-acrylamide (Sigma-

Aldrich) was mixed  with Acrylamide (Sigma-Aldrich), 50mM HEPES (10% v/ v, 

Sigma), miliQ water, and  crosslinked  using 10% ammonium persulfate (APS, 1/ 200 

vol/ vol; Fisher, Pittsburgh, USA) and  N, N, N’, N’-tetramethylethylenediamine 

(TEMED, 1/ 2000 vol/ vol; Merck). Droplets of the acryl-bisacrylamide solution were 

casted  on a aminosilanized  (using (3-aminopropyl)trimethoxysilane, Sigma-Aldrich) 

glass coverslip  (Menzel) and  covered  with another glass coverslip , siliconized  with 

50% SurfaSil solution (Thermoscientific) in acetone. After removing the top coverslip , 

a 50µg/ ml coating of fibronectin from human plasma (Sigma-Aldrich) was 
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crosslinked  to the gel surface using heterobifunctional sulphosuccinimidyl-6-(4’-

azido-2’-nitrophenylamino)hexanoate (Sulfo-SANPAH, Pierce Biotechnology). 

Fibronectin, and  not collagen, was chosen as a coating of the gels because of its know 

adhesive properties for ECs and  to avoid  cross-talk with autologous production of 

collagen by the cells (see below). Gels were sterilized  under UV light for 30 minutes 

and  incubated  at 37°C in medium, prior to cell seeding. Glass coverslips, coated  with 

the same fibronectin solution, were used  as controls. These were sterilized  overnight 

with 70% ethanol. Gel concentrations used , elastic moduli, and  thicknesses of the gels 

obtained  are reported in Table 5.1. A staining (Table 5.2) of the fibronectin coating 

was performed to verify homogeneous coating d istribution on the d ifferent substrates. 

The elastic modulus (E) of the PA gels was determined  by indentation tests, as 

previously described  [148]. Local indentation was applied  to the center of the gels 

using a spherical indenter (Ø 2mm), while measuring indentation force and  depth.  

Afterwards, a numerical model was iteratively fitted  to  the experimental data using a 

parameter estimation algorithm [169]. The mechanical properties of the gels were 

determined  for each separate experiment, and  averaged  (mean ± sd) using four gels 

for each stiffness group.  

 

Table 5.1: Composition and resulting elastic modulus and thickness of polyacrylamide gels (n = 12).  

Polyacrylamide gels Soft Intermediate Stiff 

Acrylamide [% v/ v] 5 5 10 

Bis-Acrylamide [% 

v/ v] 

0.03 0.3 0.26 

MiliQ water [% v/ v] 75.5 62.1 51.15 

Elastic Modulus [kPa] 3.58±0.90 21.59±2.91 93.75±18.36 

Thickness [mm] 0.26±0.07 0.18±0.03 0.23±0.07 

 

5.2.2 Cell isolation and  culture 

PBMCs were isolated  from human peripheral blood (fresh buffy coat from a single 

healthy donor, obtained  from Sanquin Blood Supply Foundation, Nijmegen, the 

Netherlands) through a gradient centrifuging method u sing Ficoll-Paque Premium 

(GE Healthcare). Cells were preserved  in liquid  nitrogen until use. To isolate ECFCs, 

PBMCs were seeded  onto collagen-coated  (10µg/ ml) culture plates, as previously 

described  [170]. Cells were cultured  in EGM-2 medium: EBM-2 medium (Lonza) with 

10% fetal bovine serum (FBS, Greiner Bio-One), 100,000 IU/ l penicillin and  100mg/ l 
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streptomycin (Lonza), 4mM L-Glutamine (Lonza) and  supplemented  with EGM-2 

Single Quots (Lonza). After 24 days of culture, ECFC colonies with characteristic 

cobblestone morphology could  be detected . These cells were then harvested , 

expanded, and  preserved  in liquid  nitrogen until further use. 

Prior to the experiments, ECFCs were thawed and cultured  in EGM-2 medium, which 

was changed every other day, until 90% confluence was reached. Cells were then 

harvested  using 0.05% trypsin-EDTA and 3000 cells/ cm
2
 were seeded  onto the PA 

gels. Circulating PBMCs were seeded  on the gels immediately after thawing, using a 

suspension of physiological cell density (10
6
 cells/ ml of medium).  

Human coronary artery endothelial cells (HCAEC), cultured  in EGM-2 medium, and  

primary human vena saphena cells (HVSC), cultured  in Advanced DMEM (Lonza, 

+10% FBS, 100,000 IU/ l penicillin and  100mg/ l streptomycin and  4mM L-Glutamine), 

were expanded in flasks until 90% confluence and  used  as positive controls (on glass) 

for the phenotypic cell markers CD31 and αSMA, respectively.  

 

5.2.3 Cell proliferation 

ECFCs cultured  on gels and  glass were labeled  at day1 with bromodeoxyurid ine 

(BrdU) (Roche) for 16 hours, as previously described  [148] and  according to the 

manufacturer’s protocol. In short, cells were fixed  and  incubated  with an anti-BrdU 

antibody in buffer (1:10, Roche). After washing, samples were incubated  with Alexa 

Fluor 488-conjugated  goat anti-mouse IgG1 secondary antibody (1:300, Invitrogen) 

and  mounted  onto rectangular coverglasses (Menzel) using VectaShield  Mounting 

Medium with DAPI (Vector Labs). Cells were examined using fluorescent microscopy 

at room temperature (Axiovert 200M, Zeiss) with a 20x objective; pictures were taken 

using a Zeiss AxioCam HRM camera and  Zeiss AxioVision Rel. 4.4 acquisition 

software. Nuclei of cells that d ivided  during the labeling time stained  positive for 

BrdU. Image J software (NIH, version 1.32J, USA) was used  to determine the number 

of BrdU positive cells and  the total number of cells, stained  with DAPI. Two gels were 

analyzed  for each stiffness, using 6 images per substrate to visualize all the cells 

present on the substrate. The ratio between prolifera ting cells and  the total number of 

cells was calculated  and  expressed  as percentage proliferation.  

 

5.2.4 Cell fate analysis 

Immunocytochemistry was used  to visualize changes in ECFCs phenotype and 

behavior in response to substrate stiffness and  with time. Phenotypic marker 

expression, focal adhesions, cytoskeletal organization and  collagen production were 

evaluated . Cells were fixed  with 10% formalin (Sigma-Aldrich) for 15 minutes and  
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permeabilized  with 0.1% Triton-X-100 (Merck) in PBS (Sigma-Aldrich) for 10 minutes. 

Next, to block non-specific binding, cells were incubated  for 1h in 2% w/ v solution of 

bovine serum albumin (BSA, Roche) in PBS, followed by 2h incubation with the 

primary antibody solution in 0.5% BSA. After washing the cells were incubated  w ith 

the secondary antibody solutions, washed  again, and  mounted  onto rectangular 

microscope coverglasses using VectaShield  Mounting medium with DAPI. All the 

primary and secondary antibodies used  are listed  in Table 5.2. Microscopic evaluation 

was performed as described  above in a total number of 3 samples per staining and  

per substrate group. 

Evaluation of ECFCs phenotype on gels and  glass was performed at day4 using a 

flow cytometer Easycyte 6HT (Guava, Millipore). ECFCs were harvested  and  d ivided  

over the V-bottom 96-wellplate (Greiner) to obtain 10
5
cells/ well. Cells were fixed  in 

5% formalin and  permeabilized  with 90% ethanol for 10 minutes. Next, the cells were 

incubated  in 3% w/ v BSA in PBS, followed by the primary antibody solution agains t 

αSMA and CD31. ), After washing, cells were incubated  with the secondary antibody 

solution (Table 5.2). Well plates were centrifuged  each time for 1 minute at 1000 rpm. 

FACS results were obtained  on 5000 events and  presented  as Mean Fluorescent 

Intensity (MFI) of the peak ± standard  deviation. The results were then gated  to 

consider only the cell population, resulting in at least 1000 events (cells) per well. The 

values were obtained using the software Guava Express Pro (Millipore) and  were 

corrected  for the MFI value of an unstained  sample.  

 

5.2.5 Data analysis 

Quantitative data are presented  as mean ± standard  deviation.  

The number of focal adhesion (FAs) per cell was quantified  using Image J software. 

For each type of substrate stiffness four d ifferen t pictures (day2) were analyzed . After 

subtracting the background signals and  setting the same thresholds for each picture, 

vinculin dots representing the FAs (with a size between 5 and  100 pixels) were 

counted . The ratio between the number of FAs and  the total number of cell nuclei in 

each picture was calcu lated  and  averaged  to obtain the amount of FAs/ cell for each 

stiffness condition. Two-way ANOVA, followed by Tukey’s HSD post-hoc testing, 

was used  to test d ifferences in elastic modulus of gels, as well as cell proliferation, 

FAs, and  MFI values for the d ifferent gels. A Student T-test was used  to test 

d ifferences between samples having the same stiffness values. Differences were 

considered  significant at p values < 0.05. The software used  was SPSS 15.0. 
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Table 5.2: Primary and secondary antibodies used for immunocytochemistry of different proteins expressed by 

the cells. 

Marker Primary antibody Secondary antibody 

CD31 Mouse anti-human IgG1; 

1:100 v/ v 

(Dako) 

Alexa fluor 555 goat anti-

mouse IgG; 1:300 v/ v 

(Invitrogen) 

Collagen type I Mouse anti-human IgG1; 

1:100 v/ v 

(Abcam) 

Alexa fluor 488 goat anti-

mouse IgG1; 1:200 v/ v 

(Invitrogen) 

Collagen type III Rabbit anti-human IgG; 

1:200 v/ v 

(Abcam) 

Alexa fluor 555 donkey anti-

rabbit IgG(H+L); 1:300 v/ v 

(Invitrogen) 

Collagen type IV Mouse anti-human IgG1; 

1:100 v/ v 

(Abcam) 

Alexa fluor 555 goat anti-

mouse IgG1; 1:300 v/ v 

(Invitrogen) 

Fibronectin Rabbit polyclonal IgG; 

1:400 v/ v 

(Sigma) 

Alexa fluor 488 donkey anti-

rabbit IgG; 1:300 v/ v 

(Invitrogen) 

Phalloidin Phalloidin Fluorescein 

Isothiocyanate 

(Sigma) 

labeled  FITC; 50µg/ ml 

 

labeled  TRITC; 50µg/ ml 

Vimentin Mouse anti-human IgM; 

1:1000 v/ v 

(Abcam) 

Alexa fluor 488 goat anti-

mouse IgM; 1:200 v/ v 

(Invitrogen) 

Vinculin Mouse anti-human IgG1; 

1:400 v/ v 

(Sigma) 

Alexa Fluor 488 goat anti-

mouse IgG1; 1:300 v/ v 

(Invitrogen) 

αSMA Mouse anti-human IgG2a; 

1:500 v/ v 

(Sigma) 

Alexa Fluor 488 goat anti-

mouse IgG2a; 1:300 v/ v 

(Invitrogen) 

 

 

 



Influence of substrate stiffness 

   85 

 

5.3 Results 

5.3.1 Gel stiffness mimics tissue elasticity 

Stiffness values of the coated  PA gels (Table 5.1) were significantly d ifferent for t he 

‘soft’, ‘intermediate’ and  ‘stiff’ substrates and  could  be reliably repeated  for the three 

different experiments. The range of values (3.5 – 94 kPa) reported  here covers the 

range of stiffnesses reported  for human tissue (1-80 kPa) [171], where the 

‘intermediate’ gel stiffness was comparable to that of the vascular wall [172].  

Differences in substrate thickness of the PA gels, caused  by the d ifference in cross-

link density, were assumed not to influence cell behavior as cells do not feel deeper 

that their own size [171]. Immunofluorescent labeling of fibronectin showed a 

homogenous coating on all PA and glass substrates. 

 

5.3.2 Proliferation of ECFCs is substrate stiffness-dependent 

The percentage of BrdU-positive ECFCs, detected  at day2, showed a significant 

increase from ~60% on soft gels to almost 90% on stiff gels and  glass (Figure 5.1 A). 

Thus, on stiff substrates the majority of the cells d ivided  during the 16 hours of 

labeling time. This is likely due to the increased  adhesion of the cells on stiffer 

substrates. The increased  adhesion coincided  with an enhanced  vinculin stainings 

(Figure 5.1 B) and  an increase in the number of FAs per cell on stiff gels and  glass 

(Figure 5.1 C).  

 

5.3.3 Cell phenotype is independent of substrate stiffness and  time 

ECFCs are CD31-positive cells [66], as was confirmed by flow cytometry data at day0. 

At this time-point, cells also expressed  low levels of αSMA (data not shown). At day2, 

CD31 expression in ECFCs was d iffuse and  comparable to that in HCAECs, while at 

day4, when cell grew to confluence, CD31 was clearly visible at the cellular 

membranes. αSMA was observed  in the peri-nuclear area of the cells at day2 and 

appeared  more d istinct by day4, though no fibrous organization, such as developed 

by controls cells (HVSCs, Figure 5.2 B), was observed .  

FACS analysis (day4) showed no substrate stiffness-related  changes in CD31 

expression (Figure 5.3 A), but revealed  an increased  expression of αSMA (MFI value) 

on the intermediate stiffness gels (Figure 5.3 B).  PBMCs were also seeded  on gels and  

glass. These cells d id  not adhere to gels during the 4 day culture time, while they d id  

adhere to glass. PBMCs on glass expressed  CD31, but no αSMA (Figure 5.2 B). 
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5.3.4 ECFCs produce collagens with d ifferent matrix organization depending on 

substrate stiffness 

No collagen type I was detected  in the ECFCs cultures on PA gels and  glass. ECFCs, 

however, readily produced collagen type III that was observed  intracellular on day2 

and  extracellular by day4 on all substrates (Figure 5.4).  

 

Figure 5.1: (A) Proliferation of ECFCs (mean±sd), expressed as the ratio [in %] of BrdU-positive nuclei and the 

total number of nuclei (stained with DAPI), quantified for two different samples (light and dark grey bars) per 

substrate group at day2. Cells cultured on soft gels proliferate less compared to those cultured on stiff and glass 

substrates. 

(B) ECFCs adhesion is evaluated at day2 from focal adhesions (FAs) using an antibody against vinculin (green). 

Cell nuclei are stained blue with DAPI. Scale bar is 50 µm. (C) ECFCs adhesion is quantified (mean±sd) by the 

number of FAs expressed per cell (FAs/cell).Cells cultured on soft and intermediate gels expressed fewer FAs 

than those cultured on stiff gels and glass.* denotes significant differences between the indicated group and glass 

substrate (p<0.05). # denotes significant differences between the indicated group and stiff gels (p<0.05). 
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Figure 5.2: (A) Immunofluorescent images for CD31 and αSMA in ECFCs seeded on PA  gels and glass controls 

(B) Staining controls, represented by CD31-positive HCAECs, and αSMA -positive HVSCs. PBMCs were 

analyzed as true circulating cell controls and because of their relevance for in situ vascular tissue engineering. 

ECFCs always express CD31 (red), independent of substrate stiffness and similar to HCAECs. Expression of the 

transdifferentiation marker αSMA (green) in ECFCs is limited and unlike the fiber organization expressed by 

HVSC controls. Adherent PBMCs on glass always express CD31, while αSMA was not detected. Scale bar is 

50µm. 

 

 

Figure 5.3: Histograms of the Mean Fluorescent Intensity (MFI±sd) recorded during FACS analysis for CD31 

(A) and αSMA (B) markers of ECFCs cultured for 4 days on soft, intermediate, and stiff gels, and glass controls. 

* denotes significant differences between the indicated group and glass substrate (p<0.05). 
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5.3.4 ECFCs produce collagens with d ifferent matrix organization depending on 

substrate stiffness 

No collagen type I was detected  in the ECFCs cultures on PA gels and  glass. ECFCs, 

however, readily produced collagen type III that was observed  intracellular on day2 

and  extracellular by day4 on all substrates (Figure 5.4A, B). Cells cultured  on gels 

with intermediate stiffness repeatedly produced collagen type III organized  into 

oriented  fiber-like structures. On stiff substrates collagen type III was organized  in 

thicker, but randomly organized  fibers, whereas reticulate, n etwork-forming collagen 

was identified  on soft gels. Collagen type IV could  only be observed  by day4. This 

non-fibrillar collagen was organized  in conjunction with the fibrillar type III, as 

showed in Figure 5.4B. Collagen produced by ECFCs was similar to that produced by 

HCAECs (Figure 5.4 B), suggesting an endothelial like matrix production. PBMCs on 

glass expressed  collagen type III, but not type IV. 

 

5.3.5 ECFC morphology depends on substrate stiffness 

At day4, ECFCs showed a characteristic cobblestone morphology, especially on stiff 

substrates, where confluence was high due to increased  proliferation (Figure 5.5 A, 

phase contrast).  

The cytoskeletal structure, assessed  from F-actin staining, became more organized  

with substrate stiffness (Figure 5.5 A, phalloid in). On soft and  intermediate gels a 

cortical actin structure was observed , while on stiff gels and  glass cells showed more 

organized  stress fibers, consistent with the increased  number of FAs in these cells. 

ECFC orientation and  cytoskeletal organ ization was not related  to collagen deposition, 

even on the intermediate gels with oriented  type III collagen (Figure 5.5B). 

Remarkably, ECFCs cultured  on gels with intermediate stiffness started to develop 

tubular structures: cells reached out towards each other, forming a network 

consisting of elongated  cells connecting d ifferent part of the structure (Figure 5.6, 

empty-head  arrows) as well as along the network (Figure 5.6, full-head  arrows). 
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Figure 5.4: (A) Immunofluorescent images of collagen type III and IV  produced by ECFCs on soft, intermediate, 

and stiff gels. Cell nuclei are stained blue with DAPI. A t day2, collagen type III is peri-nuclei, while it becomes 

extracellular at day4. On intermediate gels, collagen type III has an oriented fiber-like structures (arrow, to 

indicate the orientation); on stiff gels is organized in thicker, but randomly organized, fibers (arrow head); on soft 

substrates is reticulate, network-forming collagen. (B) Immunofluorescent images for collagen type III (green) 

and IV  (red) on coated glass at day4. Cell nuclei are stained blue with DAPI. Collagen type IV  deposition seems 

to overlay the one of collagen type III, as can be seen from the merge picture (yellow) of ECFCs and HCAECs. 

PBMCs express collagen type III but no collagen type IV . Scale bar is 50µm.  
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Figure 5.5: Phase contrast and immunofluorescent images of ECFCs cultured on soft, intermediate, and stiff gels, 

and coated glass. (A) ECFCs morphology slightly differs depending on substrate stiffness; more elongated cells 

can be seen on soft and intermediate gels, where also the F-actin structure, stained in red by phalloidin, is mainly 

cortical. (B) Vimentin (green) and collagen type III (red) staining, with blue cell nuclei (DAPI). Cells seem to do 

not show any predominant orientation.  
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Figure 5.6: Phase contrast and imunofluorescent images of ECFCs cultured on gels with intermediate stiffness 

(21kPa) and stained for phalloidin, vimentin and collagen type III, CD31and αSMA. Cell nuclei are stained blue 

with DAPI. In each picture it is possible to see a network formation as in tubologenesis assay. Empty-head 

arrows indicate cells that connect different parts of the network, while full-head arrows point on elongated cells 

along the network edges. Scale bar is 50µm. 

 

 

5.4 Discussion 

5.4.1 Transdifferentiation does not occur, but cells produce collagens and  form 

cellular networks 

The data obtained  from this study indicate that ECFC behavior can only be partly 

controlled  by substrate stiffnesses ranging between 3kPa  and  90kPa. Apart from an 

increased  αSMA expression on intermediate gels, no phenotypic changes in ECFCs 

were observed . Cell adhesion, proliferation, stress fiber formation, and  matrix 

organization on the other hand, changed with respect to substrate stiffness. For 

example, collagen production was highest on intermediate gels (Figure 5.2 A). The 

accompanied  increase in αSMA expression on this stiffness, however, d id  not result 
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in a well-developed stress fiber organization, such as seen in HVSCs (Figure 5.2 B). 

This suggests that ECFCs develop a synthetic phenotype, but do not obtain 

contractile properties comparable to SMCs. Thus, substrate stiffness alone – in the 

range used  by us – is not a main regulator of cellular (trans)differentiation, but might 

be used  to control cell adhesion, proliferation and  matrix production. 

To date, TGF-β1 is the only factor known to induce transdifferentiation in vitro of 

epithelial cells [173], ECs [174], and  ECFCs [33]. Its role in transdifferentiation during 

fetal development is also well recognized  [119]. Literature studies suggest that an 

increased  environmental stiffness of cells is often related  to increased  TGF-β1 

production and  consequent collagen production, such as in the case of arterial 

stiffening [175]. The likely signaling pathway involved  in stiffness-related  

transdifferentiation and  matrix production is therefore the TGF-β1 pathway 

involving ALK5 kinase activity and  increased  SMAD2 signaling [33]. Analysis of 

these molecules should  be included in future studies on mechanoregulation of ECFCs.  

One of the main changes in ECFC behavior was the d ifferent collagen organization in 

dependence of substrate stiffness. It is unlikely that this change was caused  by the 

applied  coating, since we confirmed a homogenous coating d istribution, and  density 

and  structure of coatings are independent of PA gel stiffness [176]. Even if fibronectin 

can regulate collagen deposition [177], collagen fiber assembly is regulated  by 

collagen-binding integrins at the cell membrane [178]. Differences in the expression 

and  localization of these integrins might explain the d istinct collagen organization 

detected  on the d ifferent gels.  

Another interesting observation was the formation of tubular structures on 

intermediate gels. Substrate stiffness itself or related  d ifferences in cellular or collagen 

organization might have triggered  this process. Califano and  Reinhart -King 

[179]reported  a similar phenomenon for endothelial cells cu ltured  on PA gels. In their 

studies, tubular network formation is considered  the result of a delicate balance 

between gel stiffness, cell adhesion, and  cell-cell and  cell-matrix interactions. 

 

5.4.2 Experimental consideration and  limitations 

The results presented  here were obtained  in a 2D set-up and  are d ifficu lt to translate 

to the 3D environment of scaffolds that may evoke d ifferent cellular responses. Other 

considerations involve the use of the EGM-2 culture medium, which is generally used  

to maintain an EC phenotype and  may hamper transdifferentiation. Nevertheless, it 

was demonstrated  that in vitro transdifferentiation with TGF-β1 could  be achieved , 

even when cells were cultured  in this type of medium [34]. 

Next to this, cells from a single donor were used  in the experiments. Literature 

reports on changes in ECFC functionality with donor gender, health, and  age [66], 

necessitating the use of multiple donors to obtain sound conclusions. Thus, additional 
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experiments are required  to test whether the results reported  here are patient -specific 

or if they can be extrapolated  to other donors. An important aspect that may have 

influenced  substrate-mediated  cell behavior is the presence of cell-cell contact. 

Because of the high proliferation rate and  clonogenic expansion of ECFC, substrate -

mediated  responses of isolated  cells could  hard ly be studied , but on each substrate 

we d id  not detect changes in cytoskeletal organization or cell adhesion between cells 

in the absence or presence of neighbors.  

Furthermore, since cell behavior was analyzed  at comparable confluence for each 

substrate, it is reasonable to argue that, despite the presence of cell-cell interactions, 

reported  d ifferences in cell behavior can be attributed  to the stiffness of the substrate. 

This finding also holds for the tubular network formation that could  repeatedly only 

be observed  on gels with intermediate stiffness. 

Because of the long culture time (24 days) required  to isolate ECFCs, it might be 

argued that this cell type is not the target population to be recruited  for in situ  TE. 

The ‘circulating’ control PBMCs showed a very low cell adhesion on the gels as 

compared  to adhesion on glass. Although these results were obtained  under in vitro 

conditions, they suggest that 2D soft substrates are unsuitable for adherence of large 

amounts of circulating cells. Functionalization of the substrates with specific cell 

adhesive moieties or the use of 3D porous scaffolds should  be pursued  to improve 

recruitment or capture of these cells. Finally, our experiments included  only a limited 

analysis of cell phenotype and  transdifferentiation. Gene expression analysis using 

e.g. qPCR and considering also β -catenin and  calponin as transdifferentiation 

markers [150] could  however not be performed because of the small number of cells 

harvested  from each gel. 

  

5.4.3 Implications for in situ vascular tissue engineering 

The ultimate aim of our studies is to design scaffolds that can be used  to capture and  

d ifferentiate circulating cells to regenerate small arteries in an in situ  tissue 

engineering approach. Substrate stiffness, as one of the environmental mechanical 

cues to control cell fate, can be tuned  in porous, fibrous scaffolds by modifying the 

material stiffness of the fibers, or by incorporating a a soft gel in the fibrous structure, 

forming a hybrid  scaffold . The data presented  here show that stiffness alone has no 

main role in ECFC transdifferentiation, but relatively high values of material stiffness 

promote cell proliferation, cell adhesion, and  matrix production and  this is of 

relevance for in situ  TE. Inside a scaffold , however, cells will not just perceive 

material properties, but will also sense and  respond to hemodynamic loading, in 

particular cyclic strains. To further investigate the relevance of the cellular mechanical 

environment for in situ  vascular tissue engineering, 3D scaffold  proper ties as well as 

hemodynamic loading conditions should  be considered , either or not in combination 

with biochemical stimulation, such as TGF-β1 [180]. 
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Abstract 

The understanding of cell behavior in 3 d imensional environments is particularly 

relevant for in situ  tissue engineering (TE) approaches, where the scaffold  plays a 

central role by controlling endogenous neo-tissue formation via cell recruitment, 

adhesion, and  d ifferentiation. Electrospun scaffolds can be tuned  to fulfill these 

requirements by producing fibrous meshes with fiber d iameters ranging from the 

nano- to the micro-scale. For card iovascular applications we investigated  the impact 

of d ifferent fiber d iameters (2, 5, 8, and 10 µm) in electrospun poly(ε -caprolactone) 

(PCL) scaffolds on endothelial colony forming cells (ECFCs) in comparison to mature 

endothelial cells (HUVEC). Cellular response to the d ifferent fiber d iameters was 

characterized  from cytoskeleton organization, endothelial (CD31) and  smooth muscle 

cell (αSMA) markers, and  collagen (type I, III, and  IV) production.  

Both cell types grew on top of the 2 µm -fiber scaffolds with cobblestone morphology, 

CD31 expression and  hard ly any cell infiltration. When cultured  on scaffolds with 5 

to 10 µm fibers, homogeneous cell infiltration occurred  and  a markedly d ifferent 

behavior between HUVEC and ECFCs attached  to the fibers was detected . HUVECs 

expressed  CD31 and developed a cortical cytoskeleton organized circumferentially 

around the fibers, with collagen alignment in the same d irection. ECFCs, instead , 

aligned  the cytoskeleton along the scaffold  fiber axis and  deposited  a homogenous 

layer of collagen covering the fibers; moreover, a subpopulation of ECFCs gain ed  the 

αSMA marker and  elongated  morphology. 

The results presented  in this study showed that ECFCs do not behave like mature 

endothelial cells in a 3D fibrous environment.  
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6.1 Introduction 

Cells in living tissues reside in a complex three-d imensional (3D) environment, the 

extracellular matrix (ECM). In vivo, the structure of the ECM presents a variety of 3D 

physical cues on the order of micro and  nano scale that plays an important role in 

controlling cell behavior (i.e. migration, proliferation, d ifferentiation) [181–183]. 

The understanding of cell behavior and  interaction in a 3D environment  is of interest 

when designing scaffolds for tissue engineering (TE). The TE approach involves the 

combination of cells and  scaffold  to promote in vitro formation of a specific tissue. 

The role of the scaffold  is to provide initial mechanical strength and  to support cell 

migration and  growth. During in situ  TE a cell-free, off-the-shelf available, scaffold  is 

implanted  into the patient and  the scaffold  assumes a central role in determining cell 

recruitment and  d ifferentiation, as well as tissue formation. Here, we concentrate on 

in situ  vascular TE by focusing on recruitment and  manipulation of circulating cells in 

the human patient [25,36]. A potential source for in situ  vascular TE are endothelial 

colony forming cells (ECFCs) [29,59]. ECFCs are an attractive cell source since they 

can become functional endothelial cells (ECs) and  they have been reported  to 

undergo endothelial-to-mesenchymal transition (EndoMT) towards the smooth 

muscle cell (SMC) phenotype. This change in d ifferentiation pathway can be obtained , 

in vitro, with the addition of transforming growth factor -β1 (TGFβ1) in  the culture 

medium for a minimum of 14 days [33,151].  

The challenge for producing vascular grafts is to engineer a scaffold  that can 

withstand  the hemodynamic forces while provid ing a suitable porous environment, 

cell infiltration, and  neo-tissue formation [184]. Electrospinning is a versatile 

technique that enables creation of highly porous non -woven fibrous scaffold  with 

fiber d iameters ranging form the nano- to micro-scale [111], [185]. 

Significant efforts have been put into the development of vascular scaffolds using 

nanometric polymeric fibers. These scaffolds are designed  to achieve a confluent layer 

of ECs to ensure the antithrombogenic barrier between circu lating blood and  the 

implant [186] as well as to reduce blood leakage [187]. Topographically aligned  

nanofibers were also proved to influence EC orientation in the fiber d irection, 

resulting in cells with morphologies that resemble those of native ECs under blood  

flow [188]. The effects of oriented  nanofibers fibers were investigated  also on SMCs 

that showed the cytoskeleton organized  in the d irection of fiber alignment [189]. 

Moreover, scaffolds with fibers in the 100-1000 nm range have been used  to influence 

cell behavior for specific types of cells (i.e.: chondrocytes [190], osteoblasts [191], 

fibroblasts [192], ocular cells [193], and  macrophages [194]).  

However, cell infiltration into an electrospun nanofibrous scaffold  is limited  due to 

relatively small pore size [195].  
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Electrospun scaffolds with fiber d iameters in the micrometer range have been used  to 

achieve sufficiently large pore sizes to allow for homogeneous cell infiltration within 

the construct and  enough space for tissue formation [43,196]. Several studies 

investigated  the potential of micro-fibers for vascular TE [88,197]. However, still little 

information is available on the possible influence of micro-fibers on cell behavior. By 

considering the results obtained  in previous studies [43,192,196], we hypothesize that 

fiber d iameters in the micrometric range can influence organization, p henotype, and  

ECM production of ECFCs.  

The aim of this study is to determine the impact of d ifferent fiber d iameters in 

electrospun poly(ε -caprolactone) (PCL) scaffolds on ECFC behavior. PCL is often 

used  in the field  of vascular graft research because of its good mechanical strength 

and  its biocompatibility [197]. With this scope, ECFCs, cultured  in four PCL scaffolds 

with d ifferent fiber d iameters (2, 5, 8, and  10 µm), were characterized  for cytoskeleton 

organization, endothelial (CD31) and  smooth muscle cell (αSMA) markers, and  

collagen (type I, III, and  IV) production.  

 

 

6.2 Materials and Methods 

Four PCL meshes, with an average fiber d iameter of 2, 5, 8, or 10 µm were seeded  

with ECFCs and cell response to these scaffolds was compared  to human umbilical 

vein endothelial cells (HUVEC). The effect of the fiber d iameter was evaluated  at 7 

days (cell phenotype) and  14 days (cell phenotype, cytoskeleton organization, and  

collagen production) after seeding. As a control for the mesenchymal phenotype, 

scaffolds seeded  with ECFCs were conditioned with TGFβ1 for 7 and  14 days, in 

order to detect early signs of EndoMT. 

 

6.2.1 Poly(ε -caprolactone) scaffold  manufacturing  

PCL with an average molecular weight of 80 kDa (CAPA 6800; kindly supplied  by 

White Chemicals, London, UK), was d issolved  by overnight stirring in chloroform 

(CHCl
3
) or in a 3:1 chloroform and methanol (MeOH) solvent to obtain a 20% (w/ w) 

solution (Table 6.1). Electrospinning of PCL solution was performed as previously 

described  [198]. Briefly, all scaffolds were electrospun in a climate-controlled  

electrospinning cabinet (IME Technology, Geldrop, NL) at 23°C. The polymer 

solution was delivered with a syringe pump to a metal 19G capillary connected  to t he 

high voltage power supply. The d istance between the capillary and  the rotating 

cylindrical target (28 mm in d iameter, 100 rpm) was set at 15 cm for all the samples. 

Other spinning parameters were regulated  to determine the d ifferent fiber d iameters 

of the meshes, as described  in Table 6.1. 
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Fiber d iameter and  pore size was confirmed by scanning electron microscopy (SEM) 

(Quanta 600F; Fei, Hillsboro, OR) on samples of the electrospun mesh. From the 

images obtained , fiber thickness (i.e. fiber diameter) and  the d istance between two 

fibers (i.e. interfiber distance) were measured  by choosing the fibers randomly from 

across the image at a depth of only two fibers. Fibers beyond the superficial surface 

were not considered  for measurements [199]. 

By using a 9 mm in d iameter puncher, scaffolds were obtain from each mesh, cleaned  

in 100% ethanol for 15 min and , when dry, sterilized  under UV for 30 min. Scaffold  

thickness, reported  in Table 6.1, was measured  on 3 d ifferent points of 3 d ifferent 

samples for each mesh by using a micrometer. 

 

Table 6.1: spinning parameters for 20% w/w PCL solution to obtain scaffolds with different fiber diameters. 

 

Scaffold  Solvent 
Voltage 

[kV] 

Polyme

r flow  

[µl/min] 

Time of 

spinnin

g 

[min] 

Humidity 

[%] 

Fiber 

diamete

r 

[µm] 

Pore 

size 

[µm] 

Scaffold 

thickness 

[µm] 

2 µm-

fiber 

CHCl
3
+ 

MeOH 

(3:1) 

20 10 120 50 1.7 ± 0.3 11.5 ±2.6 210.1 ± 6.6 

5 µm-

fiber 
CHCl

3
 25 10 70 30 5.6 ± 0.5 50.4±21.2 226.5 ± 9.6 

8 µm-

fiber 
CHCl

3
 19 15 50 50 8.5 ± 0.6 76.2±27.6 217.3 ± 8.2 

10 µm-

fiber 
CHCl

3
 16 25 30 50 11.4 ± 0.9 116.1±0.9 256.5± 17.8 

CHCl
3 
= chloroform; MeOH = methanol 

 

6.2.2 Cell isolation and  culture 

Mononuclear cells (MNCs) were isolated  from human umbilical cord  blood of a 

healthy donor (University Medical Center, Utrecht, The Netherlands) through a 

gradient centrifuging method using Ficoll-Paque Premium (GE Healthcare). To 

isolate ECFCs, MNCs were seeded  onto collagen-coated  (10µg/ ml) culture plates. 

Cells were cultured  in full medium: EBM-2 medium (Lonza) with 10% fetal bovine 

serum (FBS, Greiner Bio-One), 100,000 IU/ l penicillin and  100mg/ l streptomycin 

(Lonza), 4mM L-Glutamine (Lonza) and  supplemented  with EGM-2 Single Quots 

(Lonza). After 24 days of culture, ECFC colonies with characteristic cobblestone 
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morphology could  be detected . These cells were then harvested, expanded, and  

preserved in liquid  nitrogen until further use. Human Umbilical Vein Endothelial 

Cells (HUVECs) were used  as control group for the analysis.  Cells were purchased  

by Lonza and  stored  in liquid  nitrogen until further use. Prior to the experiments, 

both ECFCs and HUVECs were thawed  and cultured  in  full medium, which was 

changed every third day. Cells were cultured  until 90% confluency and  then 

harvested  using 0.05% trypsin-EDTA.  

 

6.2.3 Cell seeding and  conditioning in the scaffolds 

ECFCs and HUVECs were manually seeded  at 15000 cells/ mm
3
 in the scaffold , by 

using a drop of 20 µl of cell suspension for each sample. Cells were then incubated  for 

one hour to allow cell adhesion and , finally, medium was added  to the samples. To 

biochemically stimulate ECFCs, two d ifferent media were prepared  from the 

endothelial basal medium EBM-2 by add ing d ifferent biochemical factors. Full 

medium was prepared as described  before, and  refers to the endothelial expansion 

medium; bare medium+TGFβ1, instead , was prepared  by using 5% of FBS, by adding 

only hydrocortisone, ascorbic acid , and  GA-1000 of the Single Quots kit, and  by using 

5 ng/ ml of TGFβ1. Penicillin, streptomycin, and  L-Glutamine were used  in both 

groups, in the amount previously described  for  full medium. HUVECs were cultured  

only in full medium condition. Media were changed every third  day. 

 

6.2.4 Analysis 

To investigate the effects of fiber d iameter and  medium content on ECFCs cultured  in 

d ifferent electrospun PCL scaffolds, analysis have been performed at 7 and  14 days 

after seeding. 

 

Immunofluorescent staining 

Immunocytochemistry was used  to visualize changes in ECFCs fate in response to 

d ifferences in fiber d iameter and  medium content. Phenotypic marker expression 

(CD31, αSMA), cell cytoskeleton (phalloid in), and  ECM production (collagen I, III, IV) 

were evaluated . Scaffolds were fixed  with 10% formalin (Sigma-Aldrich) for 48 h and  

then stained . Cells were firstly permeabilized  with 0.1% Triton X100 (Merck) in PBS 

(Sigma-Aldrich) for 10 minutes. Next, to block non-specific binding, cells were 

incubated  for 1h in 2% w/ v solution of bovine serum albumin (BSA, Roche) in PBS, 

followed by 2 h incubation with the primary antibody solution in 0.5% BSA on a 

shaker. After washing, cells were incubated  for 1 h with the secondary antibody 

solutions in PBS, washed again, and  cell nucleus stained  by DAPI. Samples were then 

mounted  onto rectangular microscope coverglasses using Mowiol mounting medium. 
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All the primary and  secondary antibodies used  are listed  in Table 6.2. Cells were 

examined using the confocal fluorescent microscope TCS SP5X (Leica Microsystem). 

Images were obtained  from the xy-projections of the Z-stack scans by using Leica 

Application Suite 2.6 (Leica Microsystem).  

As 2D staining controls, cells were cultured  for 14 days on coverglasses: ECFCs were 

conditioned  with full and  bare medium+TGFβ1 and HUVEC with full medium. Cells 

on coverglass were examined using fluorescent microscopy (Axiovert 200M, Zeiss); 

pictures were taken using a Zeiss AxioCam HRM camera and  Zeiss AxioVision Rel. 

4.4 acquisition software.  

 

 

Table 6.2: primary and secondary antibodies used for immunocytochemistry. 

  

Marker Primary antibody Secondary antibody 

CD31 
Mouse anti-human IgG1; 

1:200 v/ v 

(Dako) 

Alexa fluor 555 goat anti-mouse IgG1; 

1:300 v/ v 

(Invitrogen) 

Collagen type I 
Rabbit anti-human IgG;  

1:300 v/ v 

(Abcam) 

Alexa fluor 555 goat anti-rabbit IgG(H+L); 

1:300 v/ v 

(Invitrogen) 

Collagen type III 
Rabbit anti-human IgG;  

1:200 v/ v 

(Abcam) 

Alexa fluor 555 donkey anti-rabbit 

IgG(H+L); 1:300 v/ v 

(Invitrogen) 

Collagen type IV 
Mouse anti-human IgG1;  

1:200 v/ v 

(Abcam) 

Alexa fluor 555 goat anti-mouse IgG1; 

1:300 v/ v 

(Invitrogen) 

αSMA 
Mouse anti-human IgG2a;  

1:500 v/ v 

(Sigma) 

Alexa Fluor 488 goat anti-mouse IgG2a; 

1:300 v/ v 

(Invitrogen) 

Phalloidin 
- 

Phalloidin-Atto488  

1:200 

(Sigma) 
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Scanning Electron Microscopy 

For Scanning Electron Microscopy (SEM), constructs with cells were rinsed  in PBS 

and then fixed  in 2.5% grade I glutaraldehyde (Sigma) in PBS for 48 h at 4˚C. 

Afterwards, samples were washed  in PBS and dehydrated  by using ethanol solutions 

in PBS with d ifferent concentrations: 50%, 60, 70%, 80%, 90%, 95%, and  100%. For 

every concentration step, samples have been dehydrated  10 minutes on a shaker. The 

last step, using 100% ethanol, was repeated  twice. Afterwards, samples have been 

kept in dry environment until SEM imaging, performed in high vacuum by using 1 

kV beam. 

 

 

Cell distribution in the scaffold 

Cell d istribution and  infiltration have been investigated in transverse cryosections of 

the scaffold  after 14 days of culture. The constructs were first washed  in PBS, 

embedded in Tissue-Tek (Sakura) and  then snap -frozen in liquid  nitrogen. Transverse 

cross-sections of 100 µm were cut by a cryotome, collected  on poly -lysine coated 

coverglass, and  stained  with DAPI for 10 minutes. Cells were examined using 

fluorescent microscopy (Axiovert 200M, Zeiss); pictures were taken using a Zeiss 

AxioCam HRM camera and  Zeiss AxioVision Rel. 4.4 acquisition software.  

 

6.2.5 Statistical analysis 

For each group and  medium condition, 3 scaffolds were sacrificed  at each time point. 

Statistical analysis on scaffold  properties was performed by using Prism (GraphPad  

software), and  analyzing the group via one-way Anova with Bonferroni as post-

analysis test. Differences between the groups were significant if p<0.05. 
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6.3 Results 

6.3.1 Scaffold  properties and  cell infiltration  

The four scaffolds used  in this study showed randomly oriented  smooth fibers with 

homogeneous fiber d iameters within each sample (Figure 6.1 B). The interfiber 

d istance increases linearly with increasing fiber d iameter (Figure 6.1 A). To assess cell 

infiltration, transversal cryosections of the ECFC-seeded constructs were stained  with 

DAPI to detect cell nuclei (Figure 6.1 C). When seeded  with ECFCs, excellent cell 

infiltration is observed  in the 5, 8 and  10 µm -fibers scaffolds, while the ECFCs 

remained  almost exclusively at the surface of the 2 µm -scaffold , as showed also by 

SEM images (Figure 6.1 B). These resu lts were independent on cell type (ECFC or 

HUVEC) or medium composition (data not shown). 

 

6.3.2 Cell cytoskeleton and  collagen production 

Immunocytochemistry for phalloid in was used  to investigate (F-actin) cytoskeleton 

organization after 14 days of culture in the different scaffolds (Figure 6.2). On 2 µm -

fibers scaffold , ECFCs and HUVECs covered  the surface of the scaffold , each 

spanning multiple fibers, and  developed a cortical cytoskeleton. On 5, 8, or 10 µm -

fiber scaffolds, the seeded  cells primarily attach to a single fiber (Figure 6.2). On these 

scaffolds, ECFCs developed F-actin fibers aligned  along the PCL-fiber axis with 

flattened  nucleus morphology (as indicated  by # in Figure 6.2). HUVECS, on the other 

hand, developed F-actin filaments in the circumferential d irection when grown on 5, 

8, or 10 µm-fiber scaffolds (Figure 6.2, white arrow heads). Compared  to ECFCs, the 

nuclei of HUVECs were less flattened  (as indicated  by * in Figure 6.2).  

When cultured  on 2 µm-fibers, ECFCs and HUVECs had  a similar collagen 

production and  organization with collagen deposited  in and  in -between the scaffold  

fibers. On the 5, 8, or 10 µm-fiber scaffolds, however, collagen type I and  III produced 

by the ECFCs were deposited  homogenously on the scaffold  fibers (Figure 6.3), 

independently of medium composition. Collagen type IV was synthesized  much less, 

and  the organization was similar on all scaffolds (Figure 6.3). HUVECs produced less 

collagen compared  to ECFCs. Collagen type I (Figure 6.2, empty arrow heads) and  

type III (Figure 6.3) had  a circumferential orientation consistent with the F-actin fiber 

orientation. For the HUVEC-seeded samples, no collagen type IV was detected . 
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Figure 6.1: Scaffold characterization and cell seeding. A) Measurements of fiber diameter and interfiber distance 

of the electrospun PCL meshes. Pore size increases linearly with fiber diameter. B) Scanning electron 

micrographs (1000x magnification) of the electrospun PCL meshes. Unseeded scaffolds consist of randomly 

oriented smooth fibers with homogeneous fiber diameter within the sample. ECFC-seeded scaffolds (day 14) 

cultured in full medium showed cells spread over the 2 µm-fibers while cells on and in between the 5, 8 and 10 

µm fibers. C) Phase contrast and fluorescent images of DAPI-stained cryosections of the different ECFC-seeded 

scaffolds (day 14) cultured in full medium. By increasing fiber diameter and, therefore, pore size, a more 

homogeneous cell distribution is obtained within the scaffold.   
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Figure 6.2: Cytoskeleton and collagen organization on the fibers. Immunofluorescent images of ECFCs and 

HUVECs seeded on the different PCL scaffolds and cultured for 14 days in full medium or bare medium+TGFβ1. 

Cytoskeleton is stained green (phalloidin), collagen type I is red, and nuclei are blue (DAPI). On 2 µm-fibers 

scaffold, ECFCs and HUVECs grew over the fibers, independently of medium composition. When seeded in any 

of the other scaffolds, HUVECs do not flat on the fibers (*) and developed F-actin filaments around the PCL-fiber 

(arrow heads). The collagen type I produced in these samples has a similar circumferential orientation (empty 

arrow heads). ECFCs seeded on 5, 8, or 10µm-fibers scaffolds instead, displayed a cytoskeleton aligned along the 

scaffold fibers with the nucleus flattened on the fiber (#). Collagen type I deposition is homogenous all over the 

scaffold fibers (arrows). The presence of TGFβ1 does not affect cell cytoskeleton or collagen organization in the 

scaffolds.  
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Figure 6.3: V isualization of collagens production in the scaffolds. Immunofluorescent images of collagen type I, 

III, and IV  produced by HUVECs and ECFCs after 14 days of culture in the different scaffold architectures. Cell 

nuclei are stained blue. HUVECs deposited collagen type I and III in circumferential direction, while they did not 

produced collagen type IV . ECFCs, independently on the medium composition, produced abundant collagen type 

I and III, deposited all over the fibers, and few collagen type IV . 
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6.3.3 Cell phenotype in response to scaffold  architecture  

When cultured  on scaffold  fibers with a d iameter larger than 2 µm, ECFCs d isplayed  

a markedly d ifferent F-actin organization compared  to HUVECs. To assess whether 

this is related  to a change in cell phenotype, samples were stained  for endothelial 

(CD31) and  smooth muscle (αSMA) cell markers (Figure 6.4). When grown in 2D 

(Figure 6.4 B) and  2D-like environments (2 µm-fibers scaffold), ECFCs cultured  in full 

medium disp layed  a characteristic endothelial phenotype, with cobblestone 

morphology, CD31 expression at cell-cell interface, and  αSMA in the perinuclear 

region, similarly to HUVECs. When bare medium+TGFβ1 is used , a subpopulation of 

ECFCs grown on these 2D-like environments d isplayed  a lower expression of CD31, 

an upregulation of αSMA, spindle-shaped morphology, and  loss of cell-cell contact. 

Upon culturing cells in full medium on 5 or 8 µm fibers, a su bpopulation of the 

ECFCs d isplayed  an elongated  morphology with increased  αSMA expression and  loss 

of CD31 (Figure 6.4). This was never detected  in HUVECs (Figure 6.4). Surprisingly, 

when ECFCs were cultured  on 10 µm -fibers CD31 was still expressed  at the cell 

membrane (Figure 6.4, white arrow), also when cells were cultured  in bare 

medium+TGFβ1. For a general overview of the phenotypic expression of the cells in 

the scaffolds, we refer the reader to Figure 6.5. 
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Figure 6.4: Characterization of cell phenotype with immunocytochemistry. A) Details of immunofluorescent 

images of ECFCs and HUVECs cultured in the distinct scaffold architectures and stained for CD31 (red), αSMA 

(green), and DAPI (blue). Compared to HUVECs, a subpopulation of ECFCs cultured in full medium on 5µm- 

and 8µm-fibers showed signs of αSMA upregulation and cell elongation, with loss of CD31 (arrow heads). These 

cells behave similarly to ECFCs cultured in bare medium+TGFβ1. On 10µm-fibers, CD31 is still detected at the 

cell membrane (arrows) even when bare medium+TGFβ1 is used. 
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Figure 6.5: Characterization of cell phenotype with immunocytochemistry. Immunofluorescent images of ECFCs 

and HUVECs cultured in the distinct scaffold architectures and stained for CD31 (red), αSMA (green), and 

DAPI (blue). Compared to HUVECs, a subpopulation of ECFCs cultured in full medium on 5 µm- and 8 µm-

fibers showed signs of αSMA upregulation and cell elongation, with loss of CD31. These cells behave similarly to 

ECFCs cultured in bare medium+TGFβ1. 
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6.4. Discussion 

6.4.1 Fiber d iameter as tool to tune cell and  matrix d istribution  

The aim of this study was to determine the impact of scaffold  fiber d iameter on ECFC 

behavior and  phenotype by using electrospun PCL meshes with an average fiber 

d iameter of 2, 5, 8, and  10 µm. 

We confirmed that cell infiltration in electrospun PCL scaffold  is dependent on fiber 

d iameter and , hence, pore size (Figure 6.1). As previously described  for other cell 

types (i.e.: myofibroblasts), tuning fiber d iameter is a potent tool to  ensure cell 

infiltration throughout the scaffold  thickness [43]. Furthermore, the presented  results 

suggest that for the endothelial-like cells used  in this study, scaffolds with interfiber 

d istance of 50-80 µm - corresponding to 5µm- and  8 µm-fibers - are capable of 

retaining a great amount of cells d istributed  throughout the whole construct. Cell 

d istribution in the scaffold  is also important to ensure homogeneous ECM deposition 

(Figure 6.6): on 2 µm-fibers scaffold , collagen was detected  only on top of the mesh 

(until about 30 µm in depth) and  resulting in an empty scaffold  underneath. The 

other scaffolds ensured  a better matrix d istribution throughout the mesh thickness. 

This aspect becomes particularly relevant when considering that the final mechanical 

properties of the construct upon implantation will also depend on the ECM 

distribution. 

 

 

 

 

Figure 6.6: Collagen type I distribution within the constructs. Immunofluorescent images of collagen type I 

produced by ECFCs after 14 days of culture in full medium in the different scaffold architectures: top view refers 

to the xy-projections, while the orthogonal view shows in depth collagen deposition within a 60µm z-stack. 

Infiltration is limited to about 30µm (indicated by the dotted white line) for 2µm-fibers, while it is throughout the 

construct for the other scaffolds. 
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6.4.2 ECFCs resemble HUVEC in 2D-like environment, but not in 3D 

Surface topography affects cell phenotype by guid ing cell alignment and  organization 

[200]. Cell spreading and  cytoskeletal tensions are important variables in regulating 

stem cell d ifferentiation [201,202], by controlling cell shape and , therefore, cell growth 

and  functions [203]. We have here hypothesized  that scaffolds having d ifferent fiber 

d iameters will induce d ifferent cell organization on the fiber. This may influence cell 

fate, as previously reported for osteoblast [191,204], fibroblast [192], and  peritoneal 

cells [205].  

On 2D-like environments (such as the 2 µm -fibers scaffold  and  the coverglass 

substrate) ECFCs behave like mature endothelial cells, showing morphology, 

cytoskeleton (Figure 6.2), and  markers expression (Figure 6.4) similar to HUVECs. 

However, when ECFCs were cultured  on scaffolds with fiber range of 5-10 µm, 

several d ifferences between the two cell types could  be detected , as schematized  in 

Figure 6.7.  

First, ECFCs developed F-actin filaments aligned  along the PCL-fiber axis, while 

HUVECs preferred  the F-actin filaments in the circumferential d irection. Consistent 

with our observations, it has been reported  that mature endothelial cells can 

circumferentially wrap around a fiber with d imension smaller than the cell [206]. In 

2D, the phenotype of the ECFCs is very similar to the phenotype of HUVECs. Both 

cell types grow with cobblestone morphology, they express CD31 and lack structured  

αSMA (Figure 6.4 B). However, on fibers with a d iameter between 5 and  10 µm the F-

actin organization and  cell orientation of ECFCs resemble those of myofibroblasts 

grown on electrospun mesh, with F-actin aligned  along the scaffold  fiber axis 

d irection [207]. These d ifferences in cytoskeleton organization between HUVECs and  

ECFCs can also explain the d istinct nuclear morphology on the fibers. ECFC nuclei 

are flattened  when seeded on large d iameter fibers, with a clear actin -cap formed 

over the nucleus (Figure 6.2, #). The flattened  nucleus suggests the development of 

intracellular tension compressing the nucleus via the actin cap. With HUVECs, on the 

other hand, there is no evidence of an actin -cap, and  the nucleus shape is more 

spherical (Figure 6.2, *). Finally, our results suggest that collagen orientation on the 

fiber is d ictated  by the cytoskeleton organization (Figure 6.2). As schematized  in 

Figure 6.7, the collagen produced by ECFCs was found to homogenously cover the 

fibers with no visible preferred  orientation. In contrast, HUVEC-secreted  collagen 

aligns in the circumferential d irection and  follows the F-actin orientation. This 

phenomenon may be related  to the localization of the Golgi apparatus (i.e. the cell 

apparatus involved  in the secretion of proteins, such as collages, into the extracellular 

environment) next to the cytoskeleton structures [208,209] or to the interaction 

between ECM and cytoskeleton via the focal adhesion complexes [210].  
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Figure 6.7: schematic representation of the different cell behavior in 2D and 3D envronments. HUVECs and 

ECFCs behave similarly when gronw on 2D-like substrates (fibers < 2µm), developing a cortical cytoskeleton. 

Collagen is deposed on and in between the scaffold fibers. When cultured on 3D fibrous environments, instead, 

HUVECs develope F-actin filaments around the PCL-fiber, while ECFCs aligne the cytoskeleton in the fiber axis 

direction. HUVECs produce few collagen arranged in circumferential orientation, while ECFCs deposited a 

homogeneous layer all over the fiber.  
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ECFC behavior in other 3D environments was previously characterized . When 

cultured  inside a gel, ECFCs resemble the behavior of mature endothelial cells [211], 

with cells [78] and  collagen [151] organized  in tubular-like structures. Sales et al. [34] 

showed an upregulation of αSMA expression in ovine ECFCs only when cells were 

cultured  in 3D porous poly (glycolic acid)/ poly (4- hydroxybutyrate) scaffolds 

exposed  to TGFβ1 conditioning. Considering our results on cytoskeleton organization, 

we can assess that ECFCs do not act like mature endothelial cells. This behavior, 

obtained  in response to the 3D fibrous environment and  also without the biochemical 

influence of TGFβ1, is, therefore, new for human ECFCs. It can be hypothesized  that 

ECFCs shift towards the mesenchymal phenotype in response to the scaffold  

environment. Cells behave similarly to the ECFCs grown in the presence of TGFβ1, a 

condition that was reported  to induce EndoMT [33,34,151]. This statement is 

supported  by the presence of some elongated αSMA -positive and  CD31-negative cells 

both in full medium and bare medium+TGFβ1 (Figure 6.4, arrow heads). We could  

not detect a similar αSMA upregulation for ECFCs cultured  on 10 µm fibers. O n this 

fiber d iameter, ECFCs still expressed  CD31 even with TGFβ1 addition in the medium 

(Figure 6.4, white arrows). However, to give further insight about EndoMT and cell 

phenotype, multiple cell donors and  other phenotypical analysis, such as gene 

expression or flow cytometry, are required . In our experiment, the amount of cells 

harvested  from each scaffold  was not sufficient to have accurate results from gene 

expression assays. 

 

6.4.3 Implications for scaffold  design 

This study demonstrates the effect of fiber d imensionality on endothelial-like cell 

behavior. Varying fiber d iameter is an easy tool to change scaffold  pore size and  

hence cell and  matrix d istribution within an engineered  tissue construct, but should  

be investigated with respect to to the specific TE application and  candidate cell source 

[187]. Considering the vascular approach, where endothelialization is a key aspect to 

ensure graft success, fiber d iameter can be chosen to support 2D growth of the cells to 

form an endothelial lining (as seen on 2 µm -fibers). To improve cell infiltration and 

control cell orientation, scaffolds with aligned  fibers and  biochemical 

functionalization (eg: heparin) can be prepared  [195]. The use of aligned  fibers will 

also affect the final tissue properties, thanks to the collagen deposition on the fibers 

that will lead  to an anisotropic matrix formation with preferential d irection d ictated 

by the scaffold  orientation [207]. Another possibility is the use scaffolds characterized 

by a gradient in porosity, to ensure cell infiltration through the scaffold  and  prevent 

blood leakage [24,187]. The layered  structure of the scaffold  can be also combined  to 

biochemical functionalization. The biomolecules applied  can selectively induce cell 

adhesion and  influence cell d ifferentiation in ECs and  SMCs [36,65,112].  
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6.4.4 Conclusions 

Our results ind icate that ECFCs loose the endothelial behavior when grown on a 3D 

micro-fiber environment. Moreover, we suggest a potential role of fibrous scaffold  in 

determining cell phenotype. Finally, the effects of scaffold  architecture on the 

expression and  release of relevant soluble factors for the vascular tissue, such as 

growth factors, chemokines, and  antithrombogenic molecules, should  be investigated 

to further assess cell functionality in a 3D environment.    
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In the medical field  there is a crescent need  for readily available vascular substitutes 

to be used  as blood vessel replacement, coronary bypass, and  arteriovenous shunt 

[2,3]. In this thesis we have suggested  a new approach to obtain functional vascular 

grafts for small caliber artery replacement: in situ  tissue engineering (TE). This 

approach comprises the use of a cell-free instructive scaffold  to guide and  control cell 

recruitment, d ifferentiation, and  tissue formation at the locus of implantation. 

Scaffold  characteristics have a strong influence on in situ  tissue regeneration [187]. 

Cells interact with the scaffold  that can be developed to guide cell behavior by 

choosing, for example, a material with d ifferent properties or by tuning substrate 

topography. However, the design of an instructive scaffold  depends on the specific 

cell source to be controlled . We concentrated  on circulating progenitor cells with 

endothelial characteristics as a potential target cell source for this approach. For in 

vitro experiments, we used  endothelial colony forming cells (ECFCs) as  a suitable cell 

model for the circulating progenitors and  in situ  vascular TE. ECFCs express intrinsic 

endothelial characteristics, and  it has been shown that they can undergo Endothelial 

to Mesenchymal Transition (EndoMT) [33], gaining a smooth muscle cells phenotype. 

We used  in vitro experiments to study the effects of various en vironmental cues in 

controlling ECFC behavior and  function with the aim to determine scaffold  design 

parameters for in situ vascular TE using these cells. Biochemical, mechanical, and  

topographical cues were applied  to ECFCs, both individually and  synergis tically, to 

assess their effects on cell behavior and  matrix production. The major findings of this 

thesis are summarized  below, followed by a d iscussion about their relevance for 

scaffold  design. 

 

7.1 Main findings of the thesis 

This thesis first focused  on 2D in vitro stimulation of ECFC using both biochemical 

and  mechanical cues to regulate cell phenotype and  matrix production (Chapter 3). 

We showed that, in our hands, only a negligible subpopulation of ECFCs was capable 

of undergoing EndoMT within 14 days of transforming growth factor β1 (TGFβ1) 

conditioning, contrary to what was reported in literature [33]. We hypothesized  that 

short-term (3 days) cyclic straining of the cells would  enhance cell d ifferentiation 

towards the mesenchymal phenotype [138]. Although ECFCs were mechanosensitive 

and  responded to strain with strain -avoidance behavior they d id  not undergo 

EndoMT. The application of shear stress for 3 days rapid ly induces cell orientation 

and  cytoskeletal organization parallel to the flow direction while preserving an 

endothelial phenotype. These results suggest that, in 2D, ECFCs are not suitable to 

obtain functional SMCs, but they are a promising cell source to restore the EC lining 

of vascular grafts. ECFCs retain the endothelial phenotype when exposed  to flow and  

strain, even in the presence of TGFβ1. 
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Because of limited  cell adhesion over time, cyclic strain conditioning in 2D could  only 

be applied  for 3 days. To investigate the effects of cyclic strain stimulation for a longer 

period  of time, ECFCs were seeded  in fibrin gels, subjected  to static and  cyclic strain 

(14 days), and  stimulated  with TGFβ1. The influence on cell phenotype and  on tissue 

formation was investigated  (Chapter 4). Gene expression data indicated  that also in 

3D cells d id  not undergo EndoMT, even when cultured  in the presence of TGFβ1. By 

using confocal laser-scanning microscopy at d ifferent time points, we showed that 

ECFCs produced collagen organized  in tubular-like structures. Only when primed  

with TGFβ1, ECFCs were capable of producing a more homogenously d istributed  

matrix. These results suggest that the timing of the TGFβ1 stimulation of the cells 

may be critical to obtain a more homogeneous matrix and , therefore, a better load -

bearing tissue in vascular TE.  

In Chapter 5 we investigated  the role of substrate stiffness in controlling ECFC 

behavior. Although no changes in cell phenotype in response to stiffness were 

observed , stiffer substrates induced  enhanced  ECFC adhesion and  proliferation. 

When cultured  on substrates that resemble the physiological stiffness of the vessel 

wall, ECFCs organized  in tubular-like structures, forming a vascular-like network 

consisting of elongated  cells connecting each others. These results suggest that stiff 

materials provide a suitable substrate to enhance circu lation -derived  cell adhesion 

and  proliferation. Further studies should  elucidate the effects that stiffness in 3D 

scaffolds have on ECFC behavior and  fu nction. 

Finally, we studied  the impact of d istinct fiber d iameter in 3D fibrous scaffolds on 

ECFC behavior (Chapter 6). Fibrous scaffolds were produced by using 

electrospinning to obtain poly-ε -caprolactone (PCL) meshes with fiber d iameters of 2, 

5, 8 or 10µm. Cells seeded  on the 2µm-fibers showed limited  infiltration and 

remained  lining the scaffolds. On larger d iameter fibers, ECFC cytoskeleton was 

organized  with F-actin fibrils aligned  with the PCL-fiber axis. Interestingly, control 

umbilical vein endothelial cells (HUVECs) arranged their cytoskeleton 

circumferentially around the fibers. ECFCs deposited  collagen type I and  III 

homogeneously on the fibers, while HUVECs synthesized  fewer collagens with 

circumferential orientation around the PCL-fiber. Finally, early signs of EndoMT, 

such as upregulation of αSMA, were recognized  on 5µm- and 8µm-fibers scaffolds. 

These data show that ECFCs behave like ECs on small d iameter fibrous meshes, but 

not in scaffolds with larger fiber d iameter, suggesting that scaffold  fiber d iameter not 

only influences cell infiltration, but also cell organization, function, and  matrix 

d istribution. 

Taken together, our data show that ECFC behavior can d iffer in response to the 

specific environmental cue applied . In particular, ECFCs express an endothelial 

phenotype when cultured  in 2D environments independently of the biochemical 

(TGFβ1) and  mechanical cues applied  (Chapter 3, Chapter 5, and  Chapter 6 for 
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scaffold  with 2 µm -fiber d iameter). Prolonged conditioning with TGFβ1 was only 

partly capable of changing ECFC phenotype towards the SMC one (Chapter 3). Also 

in a 3D soft environment (fibrin gel, Chapter 4) ECFCs maintained  an endothelial 

phenotype and  formed typical tubular-like structures, independently of mechanical 

or TGFβ1 conditioning. Nevertheless, culture on scaffolds with large fiber d iameters 

ind icated  that ECFCs do not behave like the control endothelial cells (HUVECs). 

Contrary to what was obtained  by culturing on top of (Chapter 5) and  inside (Chapter 

4) soft gels, ECFCs cannot form tubular structures around stiff polymeric fibers, while 

HUVECs can (Chapter 6). These results prove the important role that scaffold  design 

parameters can have on cell behavior, influencing their organization, morphology 

and , possibly, phenotype. 

 

7.2 Experimental consideration and limitations 

Despite the progresses made in this thesis, several experimental considerations and  

limitations can be identified .  

 

7.2.1 The use of simplified  model systems 

Many of the results presented  in this thesis were obtained  in 2D in vitro set -ups and  

are d ifficult to translate to the 3D scaffold  milieu. Nevertheless, the use of models 

allows a first and  systematic investigation of the potential role of microenvironmental 

cues on cell behavior.  

The biochemical cues provided  during in vitro experiments are limited  to the type of 

culture medium and the added growth factors (e.g. TGFβ1). This type of conditioning 

differs considerably from the physiological biochemical cues provided  in vivo by the 

surrounding tissues such as blood and  endothelium.  

Shear stress and  cyclic strain, d iscussed  separately in our study (Chap ter 3), act 

together in the in vivo environment. Future studies should , therefore, address a 

combination of flow and stretch in a single device and , preferably, in a 3D situation.  

Distinct 3D environments proved to have a d ifferent influence on cell behav ior, as 

seen for ECFCs embedded in fibrin gels (Chapter 3) or cultured  in fibrous scaffolds 

(Chapter 6). Therefore, to obtain clinically relevant conclusions, cell behavior should  

be investigated  in the same (3D) scaffold  environment we wish to use for the  final 

application, such as electrospun scaffolds. 

Finally, ECFCs are a purely “in vitro” cell type, not easily comparable to in vivo 

subpopulation of circulating cells. Therefore, the correlation of our in vitro results 

with the physiological milieu is not always possible. 
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7.2.2 The relevance of multiple cell donors 

Cells from a single donor were used  in the experiments. Literature reports on changes 

in ECFC functionality with donor gender, health, and  age [66], necessitating the use 

of multiple donors to obtain sound conclusions. Thus, additional experiments are 

required  to test whether the results reported  here are donor -specific. It shou ld  also be 

noted  that certain vascular d iseases can impair cell behavior. Therefore, the d ifference 

between healthy and  d iseased  cell models remains an important aspect to be 

investigated .  

 

 

7.2.3 The role of TGFβ1 in transdifferentiation  

TGFβ1 is the only factor known to induce transdifferentiation in vitro of epithelial 

cells [173], ECs [174], and  ECFCs [33]. In our study we have used  TGFβ1 to stimulate 

cells towards the SMC phenotype, both in 2D and 3D environments, obtaining a small 

population of transdifferentiated  cells (Chapter 3) capable of producing a more 

homogenously d istributed  matrix (Chapter 4). We have therefore suggested  that the 

introduction of this growth factor in the scaffold  may induce cell transdifferentiation 

towards the SMC phenotype. 

Even though the possibility to covalently bind  TGFβ1 to biocompatible materials has 

been reported  [212], the use of this growth factors for in situ  TE requires additional 

care. In fact, TGFβ1 is a potent cell regulator in tumor growth and  metastasis, by 

increasing cell mobility and  matrix prod uction [213]. Moreover, it is involved  in tissue 

fibrosis [214,215] via upregulation of cell contractility and  matrix production, and  as 

such responsible for intimal hyperplasia [216]. Scaffolds capable to control the release 

in space and  time of TGFβ1 are, therefore, preferable. 

We have indicated  that substrate topography may influence cell morphology and , 

therefore, cell phenotype (Chapter 6) as already reported  for stem cells [201,202]. 

However, our experiments included  limited  analysis of cell phenotype: EndoMT was 

assessed  with immunofluorescent stainings for CD31 and  αSMA, while further 

information on other endothelial (VE-cadherin) or smooth muscle (ca lponin, β -

catenin) cell markers [150], both on protein and  gene level, may provide further 

insights in this process. Next to the addition of multiple donors, the addition of these 

markers is advised  for future studies. 

 

7.2.4 Experimental considerations 

Notwithstanding these drawbacks, this thesis presents a systematic approach to 

determine the influence of environmental cues on cell behavior. For example, 
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simplified  approaches to mechanically stimulate the cells, as those described  in 

Chapter 3, can be used  to understand  the effects of physiological or 

pathophysiological values of shear stress or cyclic strain on the cells, provid ing 

further knowledge on cell response in d iseased  vessels. Similarly, impaired  cells, 

harvested  from pathological tissues, can be stimulated  with physiological cues to 

compare their response to healthy cells.  

The methods applied  in this thesis also helped  to provide designs for scaffolds for in 

situ  vascular TE. They suggest that the use of stiff materials, such as the majo rity of 

the biocompatible polymers used  in TE, is beneficial to enhance cell adhesion and  

proliferation (Chapter 5). Electrospinning is a convenient tool to obtain porous 

scaffolds, since it allows for the manufacturing of fibrous meshes, in which pore siz e 

and  fiber d imension can be controlled . Fibrous meshes with larger pores can ensure 

homogeneous cell and  matrix d istribution within the scaffold  (Chapter 6), which is 

fundamental to obtain a functional load -bearing tissue. Fiber morphology seems to 

affect cell phenotype, but the use of fibrin as a scaffold  filler may preserve the ECFCs 

endothelial phenotype (Chapter 4) and  should , therefore, be re-considered  when 

focusing on circu lating progenitor cell recruitment.  

 

7.3 Cell sources for in situ vascular tissue engineering 

7.3.1 Relevance of ECFCs in vitro 

ECFCs were chosen as an in vitro cell source to model the in situ  vascular TE 

approach. Their capacity to d ifferentiate and  transdifferentiate in the main cell 

components of the blood vessel (ECs and  SMCs) makes them an attractive cell source 

when focusing on recruiting a single cell type that can be (trans)differentiated  within 

a scaffold . However, ECFCs are not a representative cell source for in situ  vascular TE, 

since they cannot be d irectly compared  to a specific in vivo subpopulation of 

circulating cells.  

ECFCs arise during in vitro culture of blood -derived  mononuclear cells (MNCs). This 

blood fraction contains several progenitors, such as the Endothelial Progenitor Cells 

(EPCs), generally described  as a subpopulation of MNCs positive for CD34, CD133, 

and  vascular endothelial growth factor receptor 2 (VEGFR-2) [66]. Upon in vitro 

isolation, the marker set of these cells changes, with loss of the hematopoietic marker 

CD133 and gain of the endothelial markers CD31 and VE-cadherin, giving rise to 

what we have here defined  as ECFCs. Therefore, the in vitro use of ECFCs was 

relevant to understand  how circulation-derived  cells will potentially behave upon 

recruitment in the scaffold .  
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7.3.2 EPCs as unique cell source in situ  

Circulating EPCs can be used  as a single cell source from which ECs and  SMCs can be 

derived . For this reason, they represent the target cell source for in situ  vascular graft 

repopulation. EPCs have an intrinsic endothelial phenotype but it was previously 

reported  that EndoMT can occur in vivo as a consequence of the migration of these 

cells through the endothelium [28,72,167]. However, the possibility for EPCs to 

undergo EndoMT has not yet been fully clarified  and  required  further investigation. 

As tested  for ECFCs in Chapter 3, EPC response to the transdifferentiation  factor 

TGFβ1 may provide further knowledge about the EndoMT process that occurs in 

vivo.  

Future research should  also focus on the possibility to recruit these cells in the 

scaffold , from which ECFC-like cells can be obtained . However, circulating EPCs are 

relatively sparse in the circulation (about 2 cells in 100ml blood) [29], making selective 

graft repopulation more d ifficult. Mobilization of endogenous progenito r cells from 

the bone marrow (BM) via pharmacological treatment may be a way to increase their 

number in the peripheral blood [217]. Vascular Endothelial Growth Factor (VEGF) 

[218] and  stromal cell–derived  factor-1α (SDF-1α) [126,219–221], which are released  

by cells in ischemic areas, have been thoroughly studied  for this purpose.  

The use of EPCs as unique cell source for in situ  vascular TE is, therefore, limited  by 

the small amount of cells present in the circulation and  by the lack of knowledge 

about their d ifferentiation potential, which requires further investigations. However, 

being circulating cells, the possibility to test EPCs in vitro is reduced  by the 

d ifficulties in isolating the cells without affecting th eir phenotype. The use of in vitro 

3D flow systems may prove beneficial to understand  EPC recruitment in the scaffold  

and  the relevance of this cell source for in situ  vascular TE.  

 

Functionalized grafts for in vivo EPCs recruitment 

The use of functionalized  scaffolds for EPC recruitment is not new in the vascular TE 

field . Different bioactive molecules (i.e.: peptides, antibodies, or growth factors) have 

been used  to enhance graft endothelialization for in situ  vascular TE approaches 

focusing on EPCs recruitment (Table 7.1). To be successful, the cell-specific 

functionalization should  aim at unique markers of the target cells. In case of 

circulating EPCs, such specific molecules have not yet been d iscovered  [66]. This is an 

important limitation of the approach, since marker unspecificity can lead  to adhesion 

of undesired  cells and , therefore, unspecific tissue development (e.g.: intimal 

hyperplasia). It is probably because of this marker unspecificity that CD34-treated 

grafts showed an higher occurrence of intimal hyperplasia, and  consequent restenosis, 

despite initial promising results in stent endothelialization [79]. To date, EPCs have 

not been yet fully characterized  making the recruitment using specific surface marker 
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recognition problematic [66]. To further understand  the role of these cells in vivo and  

their relevance for in situ  vascular TE, non-invasive life imaging (i.e. tomography) can 

be used . Circulating progenitors can be firstly isolated  and  labeled  in vitro and , then, 

injected  back in the circulation, where trafficking and  homing of labeled  cells can be 

monitored  [168]. 

 

Table 7.1: overview of stud ies using functionalized  grafts for in situ  vascular tissue engineering, 

aiming at EPC recru itment. 

Scaffold 

material 

Functionaliza

tion 
Model 

Site and duration 

of implantation 
Results Ref 

PCL RGD rabbit 

carotid  artery; 

2, 4 weeks 

increased  patency 

and endothelial 

coverage 

[45] 

ePTFE anti-CD34 pig 

between the 

carotid  artery 

and the jugular 

vein; 

3, 28 days 

endothelial 

coverage but 

intimal 

hyperplasia 

formation 

[79] 

PLLA+PEG hirudin rat 

carotid  artery; 

6 months 

inhibition of 

thrombin and 

reduction of 

platelet adhesion 

improved patency, 

endothelialization, 

mechanical 

properties 

[88] 

PCL+PLLA 
SDF1α/ hepar

in 
rat 

carotid  artery 

1, 2, 4, 8, 12 

weeks 

endothelial and  

smooth muscle 

cells recruitment 

improved patency 

and mechanical 

properties 

collagen and 

elastin 

[222] 
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7.3.3 Alternative cell sources for in situ  vascular tissue engineering  

The most relevant cell source for in situ  vascular TE is blood, especially in humans 

where recruitment from tissues surrounding the vessel wall is limited  [25]. However, 

the heterogeneous cell population and  the need  of blood treatment with 

anticoagulants are major drawbacks in using whole blood for in vitro experiments. 

Among the d ifferent cellular components, the MNCs can be easily isolated  with a 

process of gradient centrifuging and  used  for the in vitro testing of scaffold  design 

parameters, as done in Chapter 5. However, by using a heterogeneous cell population 

(lymphocytes, monocytes, progenitors) it is more d ifficult to d iscriminate which type 

of cell is responsible for a certain response. 

By using magnetic labeling of specific membrane markers (e.g. MACS isolation), it 

would  be possible to selectively isolate the d ifferent MNC subpopulations. For 

example, by labeling CD14-positive cells, it would  be possible to isolate and  work 

with the monocyte fraction.  

Monocytes and  macrophages are among the first cells to rapid ly infiltrate into the 

implanted  scaffold  and  they contribute to immune processes via cytokine release and 

phagocytosis [223], starting the tissue remodeling. Once in the scaffold , macrophages 

are responsible for the recruitment of progenitor cells that can then d ifferentiate into 

tissue-producing cells and  improve the remodeling process. Once the new vascular 

tissue is formed and the scaffold  completely degraded , the inflammatory cells will 

leave the site of implantation. Therefore, the possibility to control monocyte 

recruitment in the scaffold , via modulation of the physiological immune response 

that occurs upon scaffold  implantation, may lead  to a new approach for in situ  

vascular TE, as schematized  in Figure 7.1.  

 

 

7.4 Scaffold design for vascular tissue engineering 

Recent literature studies identified  in the inflammatory response the main responsible 

mechanism for tissue regeneration and  remodeling upon scaffold  implantation [224], 

suggesting that the inflammatory cells recruited  in the scaffolds and  their paracrine 

effect modulate the formation of functional vascular tissue (Figure 7.1) [225]. The first 

cells that infiltrate in the scaffold  are believed  to be responsible for later stage tissue 

formation towards regeneration or fibrosis. For this reason, scaffolds for in situ  

vascular TE applications should  be capable of controlling the early stage of the 

immune response [224]. In this section we present additional guidelines to improve 

scaffold  design for in situ  vascular TE aimed at controlling the human host response 

to the scaffold  and  promoting regeneration at the site of implantation .  
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7.4.1 Controlling scaffold  thrombogenicity 

Scaffolds implanted  in contact with blood typically lead  to thrombus formation and  

initiation of an acute immune response by activation of the coagulation system, with 

protein deposition on the biomaterial sur face and  subsequent monocyte adhesion 

[225]. Protein adsorption on the biomaterial can be controlled  by material chemistry, 

surface topography and micron-scale architecture: all these aspects can influence 

immune cells adhesion and  activation. For example, scaffolds with aligned  fiber 

topography showed a significantly reduced  capsule formation [226] and  increased  

cell infiltration [195] compared  to scaffolds with randomly aligned  fibers. Moreover, 

fiber d imensionality and  surface roughness affect platelet adhesion on the 

biomaterials, suggesting that grafts with small fiber d iameter (< 1μm) will reduce 

early thrombogenicity due to lower platelet adhesion and  lower activation of the 

coagulation cascade, independent of the material chosen [44]. This result underscores 

the relevance of investigating fiber d iameter of electrospun scaffolds, as also 

d iscussed  in Chapter 6, when developing vascular grafts. 

 

 

Figure 7.1: Control of the human host response to the vascular graft. Immediately upon implantation, monocytes 

and macrophages will rapidly infiltrate in the scaffold where they contribute to immune processes via cytokine 

release (A) and to the recruitment of progenitor cells (B). These cells will be responsible for neo-tissue formation 

and remodeling (C) while the scaffold is degraded, eventually leading to the resolution of inflammation and 

departure of the immune cells (D). Image courtesy of Anthal Smits. 
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7.4.2 Controlling the foreign body response 

Upon infiltration in the scaffold , monocytes d ifferentiate to macrophages and  this 

process has proven fundamental for graft success [26]. An increasing number of 

studies, therefore, investigates how scaffold  characteristics can influence macrophage 

infiltration and  polarization towards the inflammatory (M1) or regenerative (M2) 

phenotype: d ifferent surface topographies [228] as well as scaffold  fiber d iameter [229] 

have proven to induce changes in macrophage phenotype. Therefore, optimization of 

scaffold  microstructures may provide a method to obtain a predictable response of 

macrophages to implants. Together with these topographical cues, the release of pro -

inflammatory molecules (cytokine, chemokine and  growth factors) can be used  to 

control this process [228]. As an example, the monocyte chemoattractant protein-1 

(MCP-1), is an interesting molecule to be employed in combination with scaffolds to 

control the inflammatory response and  tissue remodeling [17], and  to prevent adverse 

tissue development (e.g. fibrosis) [224]. 

 

7.4.3 Controlling scaffold  degradation rate 

The degradation rate of the biomaterial chosen for the scaffold  manufacturing may 

also affect the host response and  influence final tissue remodeling. Long-lasting 

materials have been proven to cause tissue stiffening and  chronic inflammation with 

risk for intimal hyperplasia [227]. The use of fast-degrading polymers for in situ  

vascular TE, instead , shows promising results, with a nearly complete host 

remodeling and  good integration within three months in rat model [24]. In fact, rapid 

graft degradation induces d ifferent inflammatory responses from long -lasting 

materials, by progressively generating more space for cell infiltration, proliferation, 

and  matrix production, and  by reducing the duration of exposure to foreign material.  

 

7.4.4 Concluding remarks 

Overall, current evidence indicates that in situ  vascular TE is a sequential process that 

depends on host response. Although substantial in vivo data has been gathered 

supporting the feasibility of the in situ  vascular TE approach, mechanistic studies 

focusing on the scaffold  design are still required . We suggest the use of fast 

degrading electrospun scaffolds to harness the inflammatory response and  control 

monocyte adhesion and  activation. Moreover, to lead  to healthy tissue regeneration 

and  regulate the immune response, the scaffold  can be functionalized  with 

biomolecules, such as cytokines. Furthermore, the scaffold  compliance should  be 

similar to the one of native vessels to avoid graft failure because of burst or aneurysm 

formation [24]. By controlling the mechanical properties, we can ensure that the 
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scaffold  will be able to sustain the load  while supporting controlled  ext racellular 

matrix production and  remodeling over time.  

 

7.5 From bench to clinical application 

The studies presented  in this thesis can be considered  mechanistic, since they aim at 

understanding the behavior of the cells in response to mechanical and  biochemical 

cues representative of the complex physiological and/ or scaffold  environment. These 

results provide the base for further development of a scaffold  for in situ  vascular TE. 

In particular, we have here shown the importance of defining scaffold  design  

parameters with respect to the target cell source.  

Thanks to results obtained  on the bench by many investigators, researchers are now 

investigating the potential of cell-free scaffolds for card iovascular surgery with the in 

situ  TE approach [230]. By implanting polymeric scaffold  in dog [231,232] or rat [24] 

models, it was demonstrated  that it is possible to obtain a well-formed vessel-like 

structure with similar ECM content to the native tissue. The next step for in situ 

vascular TE is to focus on scaffold  functionalization to control early cell recruitment 

and  subsequent circulating progenitors and/ or macrophage d ifferentiation [233]. In 

vitro models may provide further insight in which peptide, growth factor, or cytokine 

is optimal to control the host response under physiological and  pathophysiological 

hemodynamic conditions. All these promising results suggest that it will be possible 

to obtain a functionalized  off-the-shelf available vascular substitute for small caliber 

vessel replacement in due time.  

 

 

7.6 Future perspective and conclusions 

The methods used  in this thesis can be successfully applied  to provide further 

insights in scaffold  development for in situ  vascular TE. The following aspects still 

need  to be investigated  and  they will provide a better knowledge about cell response 

to the grafts: the effects of scaffold  architecture on monocytes; the possibility to 

introduce scaffold  functionalization for immu nomodulation; and  the study of 

hemodynamic forces in 3D scaffold  environments. 

 

7.6.1 Effects of scaffold  architecture on monocytes 

Monocyte adhesion, and  relative macrophage d ifferentiation towards regenerative 

(M2) or inflammatory (M1) phenotype, can be investigated  in relation to scaffold  fiber 

d iameter in the micrometer range, as here showed for ECFCs (Chapter 6). This study 
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will provide information on the possibility to control the immune response by 

investigating the type of adherent cells, their d ifferentiation, and  the cytokine release 

in response to the d ifferent 3D environments. Previous experiments already showed 

that scaffold  architecture, obtained  by tuning fiber d iameter between 0.3-2.8µm, is a 

critical regulator of macrophage polarization [229]. The effects of monocyte adhesion 

and  d ifferentiation on larger-d iameter fibers may provide further insight to promote 

in situ  vascular TE. 

 

7.6.2 Testing molecules for scaffold  functionalization  

Scaffold  functionalization can be used  to selectively induce cell adhesion with the use 

of cell-specific moieties (e.g. antibodies, proteins, or peptides) as described  in Chapter 

2. The functionalization can aim at specific cell recruitment and/ or at controlling cell 

behavior (e.g. d ifferentiation). In both cases, the biomolecules can be tested  by using 

in vitro assays capable of d iscriminating between specific and  unspecific cell adhesion 

and/ or response to the moieties. 

As an example, non-fouling substrates can be functionalized  via covalent binding of 

proteins (as done in Chapter 5 with polyacrylamide gels) or peptides to investigate 

cell adhesion and  cell response to the functionalization. This method allows for the 

creation of functionalized  regions on otherwise inert substrates (Figure 7.2). Cell 

behavior in response to the biomolecules applied  can be visualized  and  quantified  via 

phase contrast or immunofluorescent microscopy.  

A high throughput system can be prepared  by developing an array of biomolecules 

where the response of the cell to d ifferent moieties can be tested . Once the molecule 

of interest is identified , it can be linked  to a 3D scaffold  by using, for example, 

supramolecular polymers. 

 

 

 

Figure 7.2: Phase contrast image (10x) of ECFCs cultu red  on polyacrylamide gel with collagen coating 

covalently linked  to a specific area. Cells selectively grow only on the coated  part of the substrate.  
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Figure 7.3: Immunofluorescent images of ECFC-seeded  PCL scaffolds with fiber d iameter of 5µm. Cells 

were cultured  in static and  laminar flow conditions for 3 days and  stained  for DAPI (blue) and  CD31 

(red). Flow, applied  by using a custom -made flow chamber [234], significantly affects cell d istribution 

in the scaffold . 

 

 

7.6.3 Studying the role of hemodynamics in 3D scaffolds  

Hemodynamic forces play an important role in regulating cell and  tissue 

development and  functionality both in vitro and  in vivo. We have shown that flow 

regulates the endothelial phenotype of ECFCs in 2D (Chapter 3). However, we have 

also seen how the same cells can behave d ifferently when cultured  in a 3D fibrous 

scaffold  environment (Chap ter 6). In the fu ture, it is important to investigate cell 

behavior within the scaffold  in 3D under hemodynamic conditions (Figure 7.3). Cell 

behavior, and  especially recruitment, may change from static to dynamic loading 

conditions.  To study the effects of blood flow and  pressure, custom -made flow 

chamber can be used  to condition cell-seeded  scaffolds. Flow chambers may also 

provide a good in vitro model system to study circulating cell recruitment in response 

to d ifferent scaffolds [234]. Finally, modification of commercially available flexible 

membranes can be performed to glue the scaffold  and  induce cyclic strain to the 

construct [140].  

 

 

 



Chapter 7 

130  

  

7.7 Conclusions 

The main challenge of this thesis was to determine the role of d ifferent 

microenvironmental cues, characteristic of the vascular environment, on circulation 

derived  ECFCs, to define design parameters for fibrous scaffolds for va scular TE. 

Overall, the results of this work indicate that d ifferent microenvironments affect cell 

function and  behavior. In light of this conclusion, scaffold  design p lays a crucial role 

in controlling cell behavior. Electrospinning proved to be a good method for 

manufacturing scaffolds, since it allows for easy tuning of fiber d imension and , 

therefore, pore size. However, we have demonstrated that d ifferent types of cells can 

show distinct responses to a similar scaffold  environment. This result suggests that 

each design parameter of a scaffold  should  be tested  for the target cell source. Finally, 

we suggested  that the regulation of early cell infiltration by means of (functionalized) 

scaffolds tailored  to modulate the immune response may provide further p rogress for 

in situ  vascular TE. The use of in vitro model systems, such as the ones presented  in 

this thesis, provides an ideal approach to systematically test scaffold  designs and  to 

steadily progress towards an off-the-shelf available graft for in situ  vascular tissue 

engineering. 
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Samenvatting 

 

Micro-omgevingsfactoren om het lot van endotheel kolonie -vormende cellen 

te beïnvloeden; relevantie voor in situ vasculair tissue engineering 

 

In situ tissue engineering van bloedvaten is een nieuwe methode om kant -en-klare 

vasculaire implantaten te verkrijgen d ie dienen ter vervanging voor beschadigde 

kleine-d iameter (  < 6 mm) bloedvaten. Deze methode behelst het implanteren van 

een cel-vrij, biodegradeerbaar dragermateriaal, ofwel scaffold , welke endogene 

regeneratie van het bloedvat opwekt. De scaffold  speelt een centrale rol in het 

overnemen van de functie van het bloedvat, alsook het aantrekken van endogene 

cellen, met name via de circulatie, en het induceren van d ifferentiatie van de 

aangetrokken cellen richting de typische vasculaire fenotypes: endotheel en gladde 

spiercellen. 

Het doel van d it proefschrift is het onderzoeken van de mechano-chemische micro-

omgeving opgewekt door de scaffold  in combinatie met hemodynamische belasting 

(o.a. schuifspanning, cyclische rek, substraatstijfheid , groeifactoren) op cellen 

afkomstig uit de circulatie. Er is daarbij gebruikt gemaakt van 2D en 3D in vitro 

modelsystemen om de verschillende omgevingsstimuli, waaraan de cellen 

blootgesteld  worden bij het koloniseren van de scaffold , te simuleren. 

Als de celbron hebben we ons gericht op zogenaamde Endothelial Colony-Forming 

Cells (ECFCs), een subpopulatie van circulatoire cellen met fenotypische kenmerken 

van endotheelcellen en een hoog proliferatief vermogen. Een interessante eigenschap 

van deze cellen is dat ze hun d ifferentiatietraject kunnen wijzigen naar een 

mesenchymaal fenotype, een proces dat gedefinieerd  is als endotheel-naar-

mesenchymale transdifferentiatie, ofwel EndoMT. Ten eerste hebben we bevestigd  

dat ECFCs EndoMT kunnen ondergaan via conditionering met TGFβ
1
 gedurende 14 

dagen in kweekmedium
 

vrij van endotheel groeifactoren (EGF). Dit is 

gekarakteriseerd  door verlies van cel-cel contact, toename van celgrootte, opregulatie 

van alpha smooth muscle actine ( SMA) met vorming van stress fibers en verlies van 

de endotheelmarker CD31. Vervolgens is de invloed  van de mechanische omgeving 

van de vaatwand (vloeistofstroming en rek) op het proces van EndoMT door ECFCs 

bestudeerd . Daarvoor werden ECFCs gedurende 3 dagen blootgesteld  aan 

fysiologische niveaus van schuifspanning (1.5 Pa)  of cyclische rek (5%, 1 Hz) tijdens 

onafhankelijke 2D experimenten. Schuifspanning resulteerde in een snelle (< 24 uur) 

orientatie van de cellen en hun cytoskelet, parallel aan de richting van de 

vloeistofstroom. Cyclische rek, daarentegen, resulteerde in celorientatie loodrecht op 

de richting van de rek, hoewel d it een langere tijdspanne behelste (48-72 uur). In 
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beide gevallen behielden de cellen een endotheel-fenotype, onafhankelijk van de 

aanwezigheid  van EGFs of TGFβ
1
. Bovendien is de invloed  van langdurige rek (14 

dagen) op het ECFC fenotype beoordeeld  door middel van het zaaien van ECFCs in 

een 3D fibrine gel en deze te onderwerpen aan statische en cyclische rek. Ook hier 

vertoonden de cellen geen tekenen van EndoMT, ondanks de aanwezigheid  van 

TGFβ
1
, maar de cellen produceerden aanzienlijke hoeveelheden extracellulaire matrix, 

wat bijdraagt aan weefselontwikkeling. 

Ten slotte bestudeerden we de effecten van 2D substraatstijfheid  en 3D scaffold -

architectuur op het ECFC gedrag. ECFCs werden gekweekt op polyacrylamide gelen 

met een stijfheid  variërend  van 3-80 kPa en d it is vergeleken met cellen gekweekt op 

glas (> 1 GPa). Stijvere substraten resulteerden daarbij in verbeterde celadhesie en –

proliferatie met het behoud van het endotheel-fenotype en productie van collageen 

type III en IV. Het gebruik van stijve polymeren voor de ontwikkeling van scaffolds 

zal derhalve voordelig zijn voor het vormen van endotheellagen bij vasculair tissue 

engineering. De scaffoldarchitectuur is afgestemd door middel van e lectrospinning 

van scaffolds met vezeld iameters variërend van 2-10 µm. De respons van humane 

endotheelcellen uit de navelstreng vene (HUVECs) en ECFCs op de variërende 

vezeld iameters is daarbij beoordeeld  aan de hand van de organisatie van het 

cytoskelet, aangezien cel morfologie een van de primaire regulatoren is van cel 

functionaliteit. Bovendien zijn de celd ifferentiatiemarkers CD31 en SMA, alsook 

collageenproduktie (type I, III en IV) geëvalueerd . In het geval van de 2 µm -vezel 

scaffolds, groeiden beid e celtypes op het oppervlak van de scaffold  met een 

cobblestone morfologie, CD31 expressie en slechts minimale celinfiltratie. Op scaffolds 

met 5 tot 10 µm vezels vond er een homogene celinfiltratie plaats en daarbij is een 

opmerkelijk verschillend  gedrag van ECFCs ten opzichte van HUVECs geobserveerd . 

HUVECs brachten CD31 tot expressie en ontwikkelden een cytoskelet dat 

circumferentieel rondom de vezels was georganiseerd , met daarbij een 

collageenoriëntatie in dezelfde richting. ECFCs daarentegen oriënteer den hun 

cytoskelet parallel aan de scaffold  vezelrichting en deponeerden een homogene laag 

collageen d ie de scaffoldvezels bedekte. Bovendien ontwikkelde een subpopulatie 

van ECFCs een uitgestrekte morfologie met daarbij expressie SMA fibers. Deze 

resultaten tonen aan dat ECFCs zich niet als mature endotheelcellen gedragen in een 

3D vezelomgeving. 

Ter conclusie, de resu ltaten van d it proefschrift tonen aan dat verscheidene micro -

omgevingsfactoren de celfunctie en het celgedrag beïnvloeden. Met d it perspect ief 

speelt het scaffoldontwerp een cruciale rol in de regulatie van het celgedrag. 

Electrospinning bleek een passende methode om scaffolds te vervaard igen, aangezien 

het op deze wijze mogelijk is om de vezeld iameter, en daarmee intrinsiek de 

poriegrootte, naar wens te tunen. We hebben aangetoond dat verschillende celtypes 

een onderscheidende respons kunnen vertonen in een identieke scaffoldomgeving. 
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Dit suggereert dat iedere ontwerpparameter van een scaffold  specifiek getoetst moet 

worden met de beoogde celbron met gebruik van in vitro modelsystemen. Verdere 

studies d ienen gericht te worden op het reguleren van vroege celinfiltratie door 

middel van, al dan niet gefunctionaliseerde, scaffolds d ie afgestemd zijn op het 

moduleren van de immuunrespons. 
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