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The goal of therapeutic angiogenesis is the development of functional and 

mature vasculature by combining biological and physical cues that mimic the 

native extracellular matrix. In this study we evaluated if immobilizing vascular 

endothelial growth factor (VEGF) gradients and SDF-1α on gelatin nanofibrous 

scaffolds with different fiber orientations (i.e. random or aligned) influence the 

angiogenic potential of endothelial progenitor cells (EPCs) and human umbilical 

vein endothelial cells (HUVECs). Both cell types successfully adhered onto 

gelatin B scaffolds. VEGF gradients alone or combined with SDF-1α as well as 

fiber orientation had a pronounced effect on cell behavior, morphology and 

orientation. Cells organized themselves parallel to the fibers of the electrospun 

scaffolds with the aligned orientation and developed a spindle-like morphology. 

Conversely, cells cultured on scaffolds with random fiber orientation, did not 

display directionality and appeared to have a rounder shape. Cell migration and 

capillary formation were found to be dependent on VEGF gradients, SDF-1α 

presentation and cell type. These findings indicate that electrospun scaffolds are 

capable of regulating spatial growth factor presentation and influence cellular 

organization.  
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CHAPTER 1: BACKGROUND AND SIGNIFICANCE 

1.1 Vascular Biology and Pathophysiology  

The main function of vasculature is to maintain oxygen homeostasis by modulating 

O2 delivery and exchange, in order to meet the demands imposed by cells [1-3]. 

Hence, understanding the fundamentals of vascular biology provides a foundation 

to fathom both normal functions of organ systems and their pathophysiological 

states. Briefly, capillaries consist of monolayers of endothelial cells juxtaposed with 

pericytes. Unlike larger vessels, pericytes do not to form a continuous sheath 

around microvessels. On the other hand, veins and arteries have a tri-laminar 

structure: The intima consists of endothelial cells, pericytes and a basement 

membrane, the middle layer or tunica media is composed principally of smooth 

muscle cells and the outer layer or adventitia consists of fibroblasts, mast cells, 

nerve terminals and extracellular matrix. Furthermore, arterioles and medium-size 

muscular arteries consist of thick and prominent tunica media in relation to the 

adventitia, where the muscular tone regulates both blood pressure and flow 

through the arterial networks. On the other hand, larger elastic arteries have a 

structured tunica media composed of concentric bands of smooth-muscle cells 

interspersed with elastin-rich extracellular matrix [1-3]. 

These types of arteries (i.e. muscular and elastic) are commonly affected by 

occlusions (i.e. atherosclerosis) and can lead to ischemia to the heart, brain or 

limbs resulting in infarction. In clinical disorders such as peripheral arterial disease 

(PAD), stenosis in the aorta or arteries of the extremities is 
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characteristic. Briefly, large and medium-sized vessels are occluded by segmental 

lesions that include atherosclerotic plaques (calcium deposition), thinning of the 

media, irregular destruction of muscle and elastic fibers, fragmentation of the 

internal elastic lamina, and thrombi composed of platelets and fibrin. Generally, 

said atherosclerotic lesions involve sites such as the abdominal aorta and iliac 

arteries, the femoral and popliteal arteries, and the more distal vessels (i.e. tibial 

and peroneal arteries). In other words, locations where there is increased 

turbulence and altered shear stress, which in turn leads to constant intimal injury 

(i.e. arterial branch points) [1-3]. 

Treatments for PAD include therapies to reduce the risk of associated 

cardiovascular events and improvement of limb symptoms (i.e. prevents 

progression to critical limb ischemia, and preserves limb viability) [2,4,5]. Patients 

should initiate treatment by modifying risk factors (i.e. smoking, diet, etc) in 

combination with an antiplatelet medication (e.g. aspirin, clopidogrel) and statins, 

in order to improve cardiovascular outcomes and avoid the risk of myocardial 

infarction, stroke and even death. However, in patients with symptoms refractory 

to pharmacological treatment and lifestyle modifications, revascularization 

interventions should improve long term survival and provide relief of symptoms 

[2,4,5] . 

Revascularization procedures include catheter-based (e.g. percutaneous 

transluminal angiography (PTA), stent placement, and atherectomy) and surgical 

interventions (e.g. peripheral artery bypass) [2,4,5]. The protocol for 

revascularization procedure depends on the location and extent of the occlusion 
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and medical condition of the patient. Despite advancement in revascularization 

procedures, a large number of patients (100,000- 200,000) have unfavorable 

occlusive patterns, diffuse coronary atherosclerosis, small distant vessels and 

comorbidities that prevent the utilization of any of these procedures [5] . Therefore, 

an alternative approach towards revascularization (i.e. therapeutic angiogenesis) 

could benefit these patients, whom otherwise are not candidates for conventional 

revascularization methods [2,4,5] . 

1.2 Angiogenesis 

Under normal adult physiological conditions a plethora of molecules (i.e. 

stimulators and inhibitors) regulate angiogenic homeostasis in order to maintain 

an angiostatic state. Angiogenic stimulation results from the release of growth 

factors within the microenvironment, leading to endothelial cell activation, 

proliferation, migration, tube formation, stabilization and maturation. On the other 

hand, angiogenic inhibitors hinder signaling pathways within endothelial cells in 

order to circumvent the development of unwanted vasculature. Angiogenic growth 

factors such as VEGF1 and FGF2  are considered stimulators of the angiogenic 

process as well as essential for the initial growth phase of angiogenesis [5-8]. 

Furthermore, growth factors such as TGF- β3, PDGF- β4, and angiopoietin-1 are 

required for vasculature stabilization. Additional angiogenic stimulators (e.g. G-

1 VEGF- Vascular endothelial growth factor 
 

2 FGF- Fibroblast growth factor  
 

3 TGF- β - Transforming growth factor- β 
 

4 PDGF- β – Platelet-derived growth factor-β  
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CSF, HGF, PD-ECGF5) and inhibitors (e.g. TSP-1, TIMPs, hCG6) affect this 

process through feedback loops and interactions with the extracellular matrix 

[5,6,9], contributing to the abovementioned angiogenic homeostasis by regulating 

the expression and activity of both angiogenic and angiostatic growth factors [9] . 

Upregulation of angiogenic growth factors due to, for example, ischemia, alters this 

regulatory balance, where interactions between growth factors, receptors, cells 

(i.e. endothelial and mesenchymal) and the extracellular matrix lead to 

neovascularization. Three processes within the body are known to induce new 

vessel formation (Figure 1.1): Angiogenesis, vasculogenesis and arteriogenesis 

[3].  

In angiogenesis, new capillaries are established from the extension of preexisting 

vessels through a process that involves the activation, migration and proliferation 

of endothelial cells under the direction of local angiogenic stimulus (i.e. hypoxia, 

ischemia or inflammation). Subsequently, neovascularization occurs by either 

sprouting or intussusception. Briefly, in intussusception (splitting angiogenesis), 

splitting of the lumen in preexisting vessels is achieved through the insertion of 

interstitial cellular pillars.  Local vasculature is then partitioned via stabilization and 

growth of these pillars, leading to vascular remodeling and an increase in the 

5 G-CSF- Granulocyte colony-stimulating growth factor, HGF- Hepatocyte growth factor, PD-ECGF- Platelet-derived 
endothelial cell growth factor 

 
6 TSP-1- Thrombospondin - 1, TIMPs – Metalloproteinase inhibitors, hCG- Human chorionic gonadotropin. 
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number of vessels without the need of a equivalent increase in the number of 

endothelial cells [3]. 

 

 

 

 

Conversely, in sprouting angiogenesis (Figure 1.2) vascularization is a result of 

budding and extension of already formed vasculature.  Briefly, when an angiogenic 

stimulus (i.e. hypoxia, ischemia or inflammation) is induced, a transient 

upregulation of angiogenic growth factors is triggered, which activates neighboring 

endothelial cells and recruits endothelial progenitor cells [5,9-11]. These migrating 

endothelial cells degrade the basement membrane of a parent vessel and begin 

Figure 1.1 – Endothelial precursors (angioblasts) in the embryo assemble a 
primitive network (vasculogenesis), which in turn expands and is remodeled 
(angiogenesis). Smooth muscle cells cover endothelial cells during vascular 
myogenesis, and stabilize vessels during arteriogenesis. CL: collagen; EL: 
elastin; Fib: fibrillin (Fib). Adapted from: Carmeliet, Mechanisms of 
angiogenesis and arteriogenesis, Nature Medicine 6, 389 – 395 (2000)  
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to lay down extracellular matrix. Subsequently, endothelial cells proliferate and 

begin to form connections with neighboring vasculature through a complex process 

of sprouting, branching and regression, in order to pattern a capillary network. 

Further cell-cell and cell-matrix interactions guide capillary extensions and aid in 

the stabilization of vasculature via the recruitment of pericytes and smooth muscle 

cells. Once tubules are formed, vessels are sealed via cell-cell junctions forming a 

capillary loop through where blood is perfused [5,12-14]. 

  

Figure 1.2 – Sprouting Angiogenesis. (A) Endothelial cell are activated through 
angiogenic cues and a tip cell is selected. (B) Tip cell degrades basement 
membrane and migrates within the parent vessel (C) Angiogenic cues control 
guidence and morphogenesis, large vacuoles form and merge to make tubules. 
(D) Deposition of basement membrane to stabilize newly formed endothelial 
tubules. Adapted from: Carmeliet, Mechanisms of angiogenesis and 
arteriogenesis, Nature Medicine 6, 389 – 395 (2000)  
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On the contrary, in vasculogenesis angioblasts or endothelial progenitor cells 

(circulating or residing in bone marrow) guide the de novo development of a simple 

vascular network (i.e. primary capillary plexus). Subsequently, this primary 

capillary plexus expands through branching, forming and remodeling a complex 

vascular system.  Although vasculogenesis was considered to be an embryonic 

process, the paradigm for postnatal vasculogenesis has been revised due to 

recent studies that have demonstrated how endothelial progenitor cells circulating 

in peripheral blood of adult animals proliferate in response to an ischemic event, 

home and become incorporated within areas of neovascularization augmenting 

vasculature formation [5,6,8,11,14-16]. 

A third neovascularization process, arteriogenesis, is deemed to give rise to 

medium sized arteries through the remodeling of preexisting collateral vessels.  

Moreover, arteriogenesis is thought to be the result of changes in shear stress 

within an occluded vessel, leading to functional alterations within the vascular 

endothelium, modifications in cell-cell and cell-matrix interactions, as well as 

contributions to growth factor upregulation. Briefly, to adjust the blood flow as a 

function of tissue perfusion, the injured vasculature becomes covered by a 

muscular coat, endowing viscoelastic and vasomotor properties to the remodeled 

blood vessels [5,11-13]. Despite the fact that angiogenesis, vasculogenesis and 

arteriogenesis are relevant to the development of neovascularization strategies; 

angiogenesis has been the basis of research for the treatment of ischemic 

pathologies [5].   
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1.3 Current Strategies In Therapeutic Angiogenesis  

Therapeutic angiogenesis seeks to mirror, support or augment natural 

mechanisms within the body that result in collateral vessel formation [6,9]. 

Strategies for therapeutic angiogenesis rest on inducing the development of new 

vasculature through the administration of bioactive agents such as angiogenic 

molecules (e.g. bFGF, VEGF), genes or cells [6,9,17]. Furthermore, the delivery 

of said angiogenic agents can be done either through a single or a combination 

dose of growth factor (s), gene (s) or cell (s) [7,11,17,18] .  

The simplest strategy consists of injecting a single angiogenic growth factor or 

encoded gene to the affected site [6]. Several studies have demonstrated (Table 

1.1) that administering a single growth factor or encoded gene can aid in restoring 

blood flow within ischemic areas [6,7,9,18].  

Matrix/Scaffold Growth factor 
Fibrin VEGF 

bFGF 
SDF-1 

Collagen VEGF 
Gelatin VEGF 

bFGF 
TGF-β 
HGF 

Alginate VEGF 
bFGF 

PLGA/PEG VEGF 
 

 

 

Table 1.1 – Matrices and Scaffolds for single angiogenic growth factor 
delivery. Adapted from Matrices and scaffolds for drug delivery in 
vascular tissue engineering Zhang, G.; Suggs, L. J.; Advanced Drug Delivery 
Reviews, 2007 
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Growth factors such as VEGF and bFGF have been evaluated extensively in both 

animal and human studies. Although results were promising, the data has not 

demonstrated significant benefits in the defined endpoints (i.e. survival, 

improvements in quality of life, relief of symptoms) [7]. The limited success of these 

studies may be due to insufficient or excess delivery or dosing of the growth factor 

(e.g. VEGF, bFGF), which in turn may result in vascular networks that do not follow 

the hierarchical branching pattern of normal vasculature [7,18]. 

To overcome the issue of immature or malformed vasculature, combination 

therapies have been investigated (Figure 1.3).  Said approaches involve two or 

more growth factors such as bFGF and PDGF [19], bFGF and VEGF-A and VEGF-

C [20] , or angiopoietin-1 and VEGF [21]. Combination therapies are designed 

based on either the synergism between therapeutic effects or complementary 

functions (i.e. initiation and maturation of blood vessels) of the growth factors [18] 

. Although multiple growth factor delivery attempts to mimic biological mechanisms 

in angiogenesis, issues regarding dosages, rates, localization and modes of 

delivery for each bioactive factor have yet to be resolved [7,18] .  
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Furthermore, disadvantages such as short-half life in vivo, costs and 

manufacturing difficulty have lead researchers towards utilizing gene therapy in 

order to prolong and precisely localize the delivery of angiogenic growth factors 

[7,22]. Briefly, gene transfer utilizes either viral or non-viral vectors to introduce 

genes into target cells in furtherance of achieving high levels of sustained gene 

expression [5,23]. Due to safety concerns non-viral vectors have become an 

attractive option, however, they are less efficient at inducing gene expression 

Figure 1.3- PLGA in growth factor delivery: the sequential release of dual 
factors has been examined by embedding PDGF-incorporated particles in 
a PLGA foam that have VEGF dispersed within. Poly(lactic acid-co-glycolic 
acid) (PLGA) scaffolds enable different release kinetics of growth factors. VEGF 
is incorporated into a porous PLGA scaffold by mixing with PLGA followed by 
processing into a scaffold. This approach results in VEGF absorption on the 
scaffold. On the other hand, PDGF is incorporated by pre-encapsulation of 
PDGF into PLGA microspheres followed by processing into a scaffold. 
Compared with VEGF, PDGF has a significantly slower release kinetic. These 
two approaches can be combined to deliver dual factors with distinct kinetics.  
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compared to viral vectors [5,7]. To overcome this inadequacy, large quantities of 

the non-viral vectors (i.e. plasmid) can be administered to induce angiogenesis.  

Despite providing a precise mode of delivery, there are concerns with gene transfer 

regarding vector-induced cytotoxicity (e.g. deleterious inflammatory response) [5]. 

Consequently, cell based strategies for revascularization have been evaluated. 

Due to stem and progenitor cell identification, potential for a new therapeutic option 

has emerged (Figure 1.4) [6,24]. The utilization of stem or progenitor cells in 

angiogenesis is driven by two rationales: Cell phenotypic plasticity and cellular 

recruitment via cytokines [6,25]. Adult stem cells have the capability of 

differentiating into functional vascular cells if given specific biological cues, cell 

types such as mesenchymal stem cells (MSCs), hematopoietic stem cells (HSCs) 

and endothelial progenitor cells (EPCs) have demonstrated said potential for 

differentiation [6,7,24]. However, to achieve new vessel formation, a relatively 

large amount of cells is required; leading to evaluate cellular recruitment and 

mobilization via growth factors [24] as circumvention to this issue. In brief, during 

an ischemic event, bone-marrow derived stem and progenitor cells are recruited 

to the injured area, growth factors such as granulocyte colony stimulating factor 

(G-CSF) and granulocyte-macrophage colony stimulating factor (GM-CSF) have 

been shown to promote cellular mobilization and subsequent homing in ischemic 

tissues [7,24,26]. 
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Figure 1.4- Cardiac tissue patches form human cardiac muscle and 
integrated human microvessels in rodent hearts. Cardio-HUVEC-MEF or 
cardio-HUVEC-NHDF patches were implanted onto nude rat hearts for 1 week. 
(A) Gross examination of the heart immediately after sacrifice demonstrated that 
patches (arrow) attached with sutures were firmly adhered to the heart. (B) 
Patches had significant β-MHC-positive human cardiac muscle tissue (brown 
immunostaining; representative cardio-HUVEC-MEF patch). (C) A higher-
magnification image of the graft from B shows that β-MHC-positive 
cardiomyocytes were relatively small and had immature sarcomeric 
organization, and that (D) grafts contained Nkx2.5-positive (pink nuclei) cardiac 
progenitor cells that had not yet matured to express β-MHC (green). CD31-
positive endothelial cells in animals implanted with cardio-HUVEC-MEF (E) or 
cardio-HUVEC-NHDF (F and G) patches frequently formed vessel-like lumens 
that contained leukocytes (arrows in E) and Ter-119-positive red blood cells (G), 
indicating that grafted human vessels had connected with the host vasculature. 
Stevens, K. R., et al. "Physiological function and transplantation of 
scaffold-free and vascularized human cardiac muscle tissue." 
Proceedings of the National Academy of Sciences 106.39 (2009): 16568-
16573. 
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As mentioned earlier, neovascularization involves a harmonious interplay between 

cells and cytokines.  Multiple growth factors play a role in vessel formation; these 

are tightly regulated and are presented at specific times [8,11,27]. Current growth 

factor and gene delivery strategies have failed to mirror the angiogenic process 

due to either insufficient or undetermined dosing. Studies have demonstrated 

injecting angiogenic growth factors leads to a transient elevation of the growth 

factor followed by unstable capillary formation [6,7,17,27,28]. Furthermore, the 

mechanisms involved in angiogenic processes have not been characterized 

sufficiently in areas such as cell based therapies [6,7,24,29]. These challenges, 

among others, could be addressed through combination therapies (Figure 1.5) 

(e.g. dual growth factor delivery, growth factor and cellular therapy) in conjunction 

with delivery matrices, microspheres or scaffolds [6,7,9,24,29-31]. 

Although the selection of a cell type and a matrix to reconstruct a specific tissue 

are the main requirements of tissue engineering, one essential component for 

successful tissue regeneration is the microenvironment (i.e. spatial and temporal) 

in which cells interact. Orchestrated interactions between cytokines, cells and 

extracellular matrices define this microenvironment [31]. Consequently, integrative 

approaches that combine encapsulated or tethered angiogenic growth factors, 

cells and 3-D microenvironments have been proposed in order to mimic in vivo 

mechanisms [31-34]. 
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1.4 Vascular Tissue Engineering 

In areas such as vascular tissue engineering, this integrative approach has 

become the foundation to develop and maintain mature, stable and functional 

vascular networks. Studies have demonstrated the importance of sustained 

localized delivery of precise doses of angiogenic cues to produce and maintain this 

functional vasculature [9,33,35,36]. Herein, a variety of release technologies have 

been utilized to both carry and delivery angiogenic growth factors. Parameters 

such as growth factor amount and type, and material properties can be altered in 

Figure 1.5- Schematic demonstrating a combination strategy for the 
delivery of HGF and BMNCs (bone marrow mononuclear cells) using a 
PEGylated fibrin biomatrix. Delivery was evaluated in a murine infarct model. 
Cell retention rate was significantly increased when delivered by injectable 
biomatrix compared with direct injection. The nuclei of transplanted BMNCs were 
stained blue by X-gal and the slides were counterstained by eosin (red). By direct 
injection only a few cells were detected at the peri-scar region. Zhang et al. 
Enhancing efficacy of cell transplantation in hearts with post infarction LV 
remodeling by injectable bio matrix, Tissue eng. 2008 
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order to tailor release profiles in response to physiological demands at the 

ischemic site. The rationale to this tailored approach is to create a feedback loop 

between the growth factor release profile and the in vivo microenvironment, 

ensuing vascular repair and growth and preventing unwanted side-effects [9,37]. 

Furthermore, delivery vehicles for angiogenic biomolecules provide means to 

protect, improve bioavailability and reduce the amount of protein required to 

achieve a desired effect [31,38]. Thus, delivery strategies should enable retention, 

stability and uniformity of the biomolecule, and control the spatial-temporal delivery 

for a sufficient period to allow neovascularization [6,33,39]. Conversely, delivery 

systems can also serve as a provisional extracellular matrix to garner and foster 

cells, as well as guide cellular migration within the matrix while preserving surface 

area in which vascular networks can grow [33,40]. Considerations such as cellular 

adhesion, physical and chemical properties, and degradation rates should be 

taken into account if the tissue engineered construct should be utilized to mimic 

vascular extracellular matrix [6,41]. 

Therefore, strategies for vascular tissue engineering have focused on developing 

3-D systems (i.e. matrices, scaffolds) utilizing biomaterials (i.e. natural or synthetic) 

to incorporate angiogenic growth factors or extracellular matrix proteins that 

regulate vascular cell behavior (i.e. adhesion, migration, proliferation) or both, in 

order to entice and support vascular network development, as well as release the 

angiogenic biomolecules in a tunable manner. To achieve this, biomaterials have 

been modified to enhance their physical and chemical properties, and to improve 

the efficiency of growth factor delivery and bioactivity [7,30,31,33,34,36,41]  
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leading to biomimetic matrices that provide greater control over cellular responses, 

angiogenic cue delivery and vascular network guidance.  

However, to mimic the physiological process of angiogenesis, it is critical to 

understand the timing and release of growth factors in vivo, which in turn, will 

provide release profile guidelines to develop a delivery vehicle that will entice and 

control the degree of vascularization within the tissue (Figure 1.6) [42]. 

Angiogenesis is an intricate process that involves a plethora of morphogens, in 

order to initiate, mature and stabilize new functional vasculature. These include 

pro-angiogenic factors such as VEGF, bFGF and PDGF, in addition to other 

families of growth factors/ growth factor receptors such as angiopoietins and 

ephrins, which aid in stabilizing newly formed capillaries [6,8,10,43,44] . Briefly, in 

vasculogenesis, specific concentration gradients and threshold levels of VEGF, 

activate receptors to induce angioblasts to form the primary capillary plexus, 

conversely, sprouting angiogenesis is induced by angiopoietins which in turn 

modulate VEGF activity in order to direct angiogenesis [45,46]. Subsequently, 

PDGF and TGF – β regulate the recruitment of vascular smooth muscle cells and 

pericytes in order to stabilize immature vessels and generate extracellular matrix 

[8,47]. Moreover, matrix metalloproteinase influence cell migration and 

differentiation via pro-angiogenic factors within the matrix, in order to regulate 

branching and remodeling of the new vasculature [8]. Consequently, delivery 

approaches should utilize this knowledge to delineate the specific concentrations 

and, temporal and spatial expression profiles of cytokines to achieve the 

development of functional vasculature [48] .  
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1.5 Angiogenic Growth Factor Delivery Strategies in Vascular Tissue 
Engineering 

Several strategies have been developed to mimic the in vivo release profiles of 

angiogenic cytokines, these approaches range from incorporation through 

adsorption to encapsulation.  Single-factor delivery strategies have focused on a 

broad array of different cytokines, materials, delivery methods, and means of 

incorporation. Natural biopolymers (i.e. Fibrin, collagen, gelatin, and alginate) have 

been utilized successfully to load angiogenic growth factors via coating or 

adsorption, as they are well-characterized and may contain native ECM molecules 

[48]. Collagen sponges coated with PDGF were implanted into full-thickness 

Figure 1.6- Advanced synergistic tissue engineering approaches for 
cardiac regeneration. Prabhakaran, Molamma P., et al. "Biomimetic material 
strategies for cardiac tissue engineering." Materials Science and Engineering: C 
31.3 (2011): 503-513. 
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excision wounds in rats; results demonstrated increased fibroblast infiltration and 

enhanced capillary formation [49,50]. Tabata et al. demonstrated that controlled 

release of bFGF is caused by biodegradation of gelatin hydrogels, thus promoting 

vascularization dependent on water content of said hydrogel [51] . Conversely, 

synthetic scaffolds such as PLGA (copolymer of D,L-lactide and glycolide) have 

been utilized to deliver VEGF to enhance neovascularization [52]. 

Furthermore, advances in protein modification techniques have led to the 

incorporation of angiogenic cytokines into scaffolds via fusion proteins or coupling 

utilizing 1-ethyl-3-(3-dimethylaminopropyl)- carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) chemistry. Zisch et al. developed a fibrin-binding VEGF 

fusion protein and incorporated it into fibrin during coagulation. The study 

demonstrated VEGF could be retained within the fibrin matrix until tissue 

remodeling had taken place [53]. Similarly, bFGF and fibrin-binding peptide 

Kringle1, or PDGF and collagen-binding domains fusion proteins have been 

utilized to link bFGF or PDGF to fibrin or collagen hydrogels, respectively, both 

studies showed said scaffolds promoted neovascularization in vivo [54,55]. 

Alternatively, heparin has been incorporated into collagen matrices via 

carbodiimides. Subsequently, the heparinized collagen matrices were enhanced 

by immobilization VEGF through the heparin-binding domain. Results 

demonstrated loading of heparinized matrices with VEGF increased angiogenic 

potential [56-58].  

Although there has been success in delivering angiogenic cytokines either through 

adsorption, coating and surface tethering, there still remains a problem with 
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localized delivery and release kinetics. Thus, microspheres with encapsulated 

angiogenic growth factors have been either incorporated into scaffolds or utilized 

for targeted delivery (i.e. catheter based therapy). Perets et al. incorporated bFGF 

loaded PLGA poly (lactic-co-glycolic acid) microspheres within a porous alginate 

scaffold in order to control release profiles, results demonstrated enhanced 

vascularization in rats [59]. Similarly, Richardson et al. developed a 3-D construct 

composed of PDGF loaded microspheres and a VEGF immobilized PLGA scaffold. 

This dual delivery approach allowed the release of the cytokines at different rates 

in order to promote larger and mature vasculature. Several studies have elucidated 

that vascular development under the guidance of a dual delivery strategies is 

superior when compared to single growth factor therapy [31,38,60-64]. 

1.6 Guided Angiogenesis and Spatial-Temporal Delivery of Growth Factors 

Releasing growth factors as a function of time has been the main focus for vascular 

tissue engineering approaches, however, the role of growth factor concentration 

and spatial-temporal profiles are crucial in the recreation of angiogenic processes. 

The formation of mature and functional vasculature in vivo is the result of 

angiogenic growth factors acting in spatial-temporal gradients to regulate vessel 

properties (i.e. density, size and distribution), architecture and patterning. 

Moreover, seeing that undirected vessel growth leads to haphazard vascular 

patterning, spatial control is essential in order to avoid vessel instability and 

therefore inadequate vascular network functionality [38,65]. Studies have 

addressed the need for spatial-temporal delivery by either incorporating single 

growth factors within fibrin [66]  or PLGA [67]  films, or by utilizing individual delivery 
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vehicles (e.g. microspheres, hydrogels and scaffolds) [68,69]. However, any 

strategy that attempts to mimic in vivo angiogenic processes should not be limited 

to the delivery of a single growth factor; rather it should deliver at least two 

synergistic angiogenic cytokines, at optimized ratios and in a specific spatial-

temporal profile, in order to entice mature and functional vessel development [31] 

.  With this concept in mind, the design of delivery strategies for angiogenic growth 

factors has aimed to either provide spatially or zonally (i.e. gradients) distinct cues 

within a 3-D construct [70]. 

Strategies to control spatial gradients incorporate growth factors in predetermined 

sites within a scaffold in order to provide specific signaling cues (Figure 1.7).  

Neovascularization was achieved by spatially segregating VEGF within one region 

and VEGF/PDGF within an adjacent region of a porous bi-layered PLGA scaffold. 

Moreover, the controlled delivery utilizing this PLGA scaffold regulated vessel 

density, size and maturity in vivo [38]. More recently, studies have shown patterned 

surfaces influence cell behavior, yielding to the development of constructs with 

growth factor patterning gradients [70-72]. Miller et al. utilized inkjet printing to 

immobilize patterns of FGF-2 at different concentrations upon fibrin substrates. 

Cells initially grew randomly across both the patterned and non-patterned surface; 

however, over time cells began to migrate to the patterned regions, leaving the 

non-patterned areas empty. Additionally, cells located upon FGF-2 patterns 

survived longer compared to the cells located off patterns [71]. Herein, guided 

angiogenesis could be achieved by combining controlled zonal release of 

angiogenic cytokines and a patterned specific 3-D construct.  
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Figure 1.7- Schematic drawing of selected model systems for the delivery 
of two growth factors (GFs, i.e. GF1 and GF2). (A) A microsphere-based 
system in which two types of microencapsulated GFs (MP1 and MP2) are 
entrapped in scaffolding materials enables simultaneous delivery and release of 
dual GFs from one delivery platform (B) A multi-layer system can be used to 
mimic a double coated scaffold (layer 1 does not contain GFs and does not allow 
diffusion of the model proteins, layer 3 contains GF1, and layer 2 contains GF2) 
(C) A core-shell system: A composite scaffold for the sequential release of two 
GFs, where the scaffolding rod (core) and the synthetic shell were prepared 
separately and combined just before implantation to a wound site  (illustration is 
not to scale). 
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1.7 Specific Aims 

Vascular ischemic disorders remain the major cause of disability and death in 

developed societies. Predictions estimate that by the year 2020 cardiovascular 

diseases (i.e. Atherosclerosis) will become the leading cause of health care burden 

in western societies [3] despite improvement in surgical and minimally invasive 

techniques to restore blood flow in underperfused areas of the heart and limbs 

[6,9,73]. Therapeutic angiogenesis seeks to promote revascularization through the 

delivery of bioactive agents (e.g. growth factors, cells) [17,73]. Studies have shown 

controlled and localized delivery of multiple growth factors is required to produce 

functional vasculature [6,7,38]. A number of sustained and localized growth factor 

delivery strategies have been developed, however neither vasculature patterning 

nor organization has been achieved successfully [38,73-75]. Furthermore, studies 

have demonstrated growth factor type, concentration and mode of presentation 

(spatial and temporal) are critical in promoting mature and stable vasculature. Both 

type and concentration of angiogenic cytokines will affect the extent of cellular 

signaling and thus cellular behavior (e.g. proliferation, migration, differentiation) 

[6,9,34,37,38,40,76]. Moreover, physiologically, angiogenic growth factors are 

presented at specific time points and locations, and in different concentrations, 

therefore, sequential and spatial delivery of these cytokines is critical in 

establishing patterned and stable neovascularization, in addition to avoiding 

undesirable side effects at distant sites. Herein, elucidation of how spatial and 

temporal presentation affects angiogenesis and vascular development is important 
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for the development of promising therapeutic angiogenic strategies 

[6,9,10,30,31,34,35,38,40,41,75,77]. 

The long-term goal of this project is to develop three-dimensional cellular sheets 

with distinct architectural and biological cues that promote directed angiogenesis. 

In order to address this goal, the following specific aims will be pursued: 

AIM 1: Synthesis and characterization of nanofibrous scaffolds with defined 

architectural and biological cues  

Gelatin based electrospun scaffolds with well-defined fiber architecture will be 

fabricated based on a novel electrospinning approach developed in our laboratory. 

Vascular endothelial growth factor (VEGF), a well-known angiogenic growth factor 

will be immobilized onto the surface of the nanofibrous construct via means of 

physical immobilization. 

AIM 2: Determine the effect of VEGF releasing electrospun scaffolds on 

cellular behavior (i.e. proliferation and migration) in vitro 

HUVECs and EPCs will be seeded onto the constructs and migration velocities will 

be determined as a function of fiber orientation and VEGF spatial and temporal 

delivery.  Specifically, VEGF gradients will be established on the surface of the 

electropsun constructs and cell velocity profiles and effective displacement will be 

evaluated. 
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AIM 3: Develop EPC-seeded vascular sheets and determine capillary 

formation and directionality as a function of construct parameters and co-

administration of VEGF and SDF-1α 

SDF-1α and VEGF will be immobilized onto the surface of aligned electrospun 

scaffolds to evaluate if the co-delivery of these cytokines will provide the necessary 

cues to entice EPC attachment, proliferation and migration within nanofibrous 

scaffolds and promote vessel development and directionality.  

 
 



 
 

CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF NANOFIBROUS 
SCAFFOLDS WITH DEFINED ARCHITECTURAL AND BIOLOGICAL CUES  

Electrospinning is a fabrication technique that utilizes electrical charges to 

assemble polymer mats with different fiber diameters and architectures ranging 

from micometer down nanometer scale [78,79]. This process has gained much 

attention not only because of its versatility in spinning a wide variety of polymeric 

fibers but also due to its ability to consistently produce uniform fibers that otherwise 

would be difficult to achieve by using standard mechanical fiber-spinning 

techniques. Electrospun fiber scaffolds also offer several advantages such as, an 

extremely high surface-to-volume ratio, tunable porosity, malleability to conform to 

a wide variety of sizes and shapes and the ability to control the nanofiber 

composition to achieve the desired results from its properties and functionality. A 

major challenge encountered in using electrospun scaffolds for tissue engineering 

is the non-uniform cellular distribution and lack of cellular migration in the scaffold 

with increasing depth under normal passive seeding conditions [80].  

Three important factors influence cellular behavior: scaffold chemistry, mechanical 

properties, and architecture. Naturally occurring ECM, is composed of various 

proteins and sugars, this blend of materials provides mechanical properties that 

are ideal for supporting cells and tissue and promotes specific biomolecular activity 

among cells. Materials can be designed to mimic the tensile and compressive 

properties of certain tissues, and coatings can impart proper surface chemistry. 

Although biomaterial development has evolved one of the real

challenges is creating the proper architecture through balancing both porosity and 

pore size [79-81].  
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Techniques such as salt leaching and lyophilization generate highly porous 

scaffolds, however these fail to create the proper void size. Pores in such artificial 

ECMs are often on the order of hundreds of microns, and cells merely stretch along 

a flat surface instead of engaging multiple attachment points in a 3D environment. 

Studies have shown that it is very difficult to identify “optimal” pore diameter for 

tissue growth, as varying pore diameters often lead to varying porosities, 

mechanical properties, available surface area, and other variables that have been 

shown to affect cell growth [72,78,81,82][72,82][72,82].  

Electrospun scaffold have been shown to provide large porosities (>70%) and a 

nanofibrous structure capable of allowing cells to bridge voids and attach to 

multiple fibers in a truly 3D environment, making them ideal candidates for tissue 

engineering applications [81]. A plethora of biodegradable polymers have already 

been electrospun with tissue engineering in mind [83-86]. The effect of fiber 

diameter on cell proliferation has also been evaluated, with the general conclusion 

that smaller fibers seem to entice cellular replication and signaling [87,88].  

Constructing electrospun nanofibrous mats into specific designs – such as a hollow 

conduit for nerve regeneration or multiple stacks of materials to mimic tiered layers 

of tissue – has also shown promising success [89]. There has been little work, 

however, on the effect of scaffold architecture. Electrospun scaffold architecture is 

an interesting challenge, in that there are few effective means to vary 

independently basic morphological parameters: porosity, pore diameter, and fiber 

diameter. The effect of these morphological parameters on cellular behavior is of 

particular relevance, as the utilization of space is a key concern when utilizing 
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electrospun scaffolds as tissue engineering templates, because cellular population 

and tissue formation usually occurs only on the scaffold periphery [90]. Previous 

studies have utilized different methods to increase cell infiltration include spinning 

mixed populations of micro and nano-sized fibers, [91] electrospinning in the 

presence of cells, [92] spinning with sacrifical fibers, [93]  including poragens during 

fiber collection, [94] and photopatterning, [95] all of which have shown some degree 

of success in increasing initial cell infiltration into the scaffold. However, these 

methods have focused on initial scaffold porosity and do not actually direct cells 

into the scaffold [93]. 

Directed cell migration is critical during several different physiological processes 

such as tissue development, tumorigenesis, and wound healing. Common 

approaches to direct cells include topographical patterning (e.g. aligned channels 

and fibers) and immobilization of growth factors or cytokines [95-99]. Studies have 

shown spatiotemporal delivery of growth factors (e.g. VEGF) has been useful in 

achieving enhanced cellular effects both in vitro and in vivo [75] via the interplay 

between scaffold and growth factor delivery profiles [31].  Furthermore, cellular 

directionality is highly regulated and strongly depends on growth factor gradients, 

cells exposed to gradients grow and migrate towards areas where growth factors 

have been immobilized [100,101]. 

In this study we utilized our nanofibrous gelatin electrospun scaffolds [102] with 

different fiber orientations (i.e. random or aligned) evaluate HUVEC behavior and 

their angiogenic potential as a function of construct parameters (i.e. morphological 

characteristics, fiber alignment, VEGF gradients).  
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2.1 Experimental Approach 

2.1.1 Scaffold Fabrication and Crosslinking 

Our laboratory has developed a novel electrospining apparatus that allows us to 

design 3D scaffolds with different patter arrangements, fiber densities and 

diameters. Briefly, gelatin B (Sigma Aldrich USA, Gelatin Type B from Bovine Skin 

G9391-500G) was dissolved at 10% w/v in 1,1,1,3,3,3 hexafluoro-2-propanol 

(Sigma Aldrich USA, Fluka HFIP 52512-100mL), the solution was loaded into a 5 

mL syringe (Thomas Scientific USA, Henke Sass Wolf Norm-Ject 8939N52) and 

electrospun at specified parameters from a 22G blunt needle (Table 2.1). A total 

of 500μL was deposited onto aluminum covered glass slide and left to dry for 1 

hour under vacuum (25 in Hg) at room temperature. Aligned fiber orientation was 

achieved by controlling the polarity of the collecting plates of our custom made 

electrospinning apparatus (Figure 2.1). Crosslinking of gelatin B nanofibrous 

scaffolds was performed with glutaraldehyde vapor (Sigma Aldrich USA, 

Glutaraldehyde Solution Grade II 25% in H2O G6257-1L). Briefly, 2mL of 25% 

glutaraldehyde solution per scaffold was deposited in an airtight container that 

contained the electrospun scaffold still attached to the aluminum collector. 

Scaffolds were crosslinked at various times (15 min to 2 hrs) in room temperature 

and then washed for 1 hour in 100mM glycine solution (Sigma Aldrich) to block 

any unreacted aldehyde groups. 
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Group Voltage (kV) N-t-C (cm) Feed Rate (ml/hr) 

A15  

 

 

15 

 

10 

1 

B15 4 

C15 8 

D15  

15 

1 

E15 4 

F15 8 

 

 

 

 

 
 
 
 
 
 
 
 

Figure 2.1: Scanning electron microscopy images (SEM) of electrospun 
scaffolds with (A) random fiber orientation (B) aligned fiber orientation (C) 
gridded fiber alignment and (D) tubular morphology.  

A B 

C D 

Table 2.1: Groups of electrospun 10% (Group A15-C15) and 5% (Group D15- F15) 
gelatin B in 1,1,1,3,3,3 hexafluoro-2-propanol nanofibrous scaffolds at different 
parameters. Subscripts on sample ID’s refer to kV used. 
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2.1.2 Characterization of Nanofibrous Scaffolds: Morphological 
Characteristics, Degree of Swelling, Degradation Rate and Cytotoxicity  
 

2.1.2.1 Evaluation of Fiber Morphology as a Function Of 
Electrospinning Parameters 
 
Scanning Electron Microscopy (SEM) was utilized to evaluate fiber orientation and 

morphology of electrospun scaffolds as a function of electrospinning parameters, 

such as N-t-C (cm), electric potential amplitude (kV), feed rate (ml/hr), electrode 

polarity (+/-) and polymer concentration (wt%). Briefly, said parameters were 

varied and 500μL of electrospun polymer was collected, crosslinked, cut to 1cm x 

1cm (dimensions) and imaged at 12kV (Table 2.1). The dimensions of the fibers 

were assessed by evaluating 20 random individual fibers from 3 SEM images using 

ImageJ software (Table 2.1, Figure 2.1). Fiber orientation and alignment was 

determined by edge-based image processing techniques as described by Montero 

et al. (82) 

 

2.1.2.2 Effect of Crosslinking on Scaffold Morphology, Swelling and 
Degradation 
 

Nanofibrous scaffold topographical characteristics were assessed as a result of 

the crosslinking conditions utilizing SEM. Briefly, both aligned and random 

scaffolds were electrospun under parameters B15 and crosslinked with 

glutaraldehyde vapor for one hour. Subsequent to crosslinking and washing, 3 

SEM images per group were assessed for changes in fiber diameter and 

morphology utilizing ImageJ.  
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Degree of swelling was evaluated as a function of crosslinking time. Electrospun 

scaffolds were crosslinked with glutaraldehyde vapor, washed with glycine and 

PBS, and then submerged in Di H2O for 24 h to allow for complete swelling. 

Scaffolds were then weighed and their wet weights were recorded (Ww). 

Subsequently, wet scaffolds were placed in a vacuum oven and allowed to dry for 

1 h at 25in Hg and 60 °C. After complete drying, scaffolds were weighed and their 

weight recorded as dry weight (Wd). Degrees of swelling were calculated with the 

following formula: 

 

𝐷𝐷𝐷𝐷 =
𝑊𝑊𝑠𝑠 −𝑊𝑊𝑑𝑑

𝑊𝑊𝑑𝑑
 

 

 

Furthermore, over a period of one week in a simulated biological fluid, degradation 

profile of electrospun scaffolds was evaluated as a function of GA crosslinking time 

(Range 1 to 24 hours). Briefly, crosslinked scaffolds were washed with glycine and 

PBS and their initial dried weight was recorded following by vacuum drying (25in 

Hg, at 50° C) for 1 hour. Scaffolds were placed in a 0.1mg/mL collagenase solution 

(Collagenase type I Calbiochem Cat# 234153) and weight loss was recorded at 

specified time points.  
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2.1.2.3 Growth Factor Gradient Immobilization and Formation 

To determine the effect of scaffold design in controlling spatial-temporal VEGF 

delivery and promoting vessel development and patterning, we have established 

a protocol to physically immobilize VEGF with different cytokine gradients (Figure 

2.2). As proof of concept we have immobilized FITC-albumin within the electrospun 

scaffolds and assessed gradient distribution of the protein utilizing fluorescent 

microscopy (Figure 2.3). Each scaffold region from left to right has a higher 

concentration of FITC-albumin with the highest being at the left section and the 

lowest at the right. 
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Figure 2.2: Diagrammatic representation of scaffold preparation and cell 
seeding.  
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2.1.2.4 Growth Factor Release Profile 

To assess release profiles, a 10µl aliquot of 10ng/ml model protein (FITC-albumin) 

solution was physically entrapped within the electrospun scaffolds. Subsequently, 

scaffolds were then submerged in PBS for 24 hours and data points were collected 

at 1, 5,15,30 and 60 min, and 24 hours. Samples were then diluted and analyzed 

as per protocol on a Beckman Coulter Plate Reader reading absorbance values at 

450nm wavelength. This was performed in order to ensure the entrapped 

biomolecule was being released from the scaffolds in a time dependent manner 

and to evaluate release profile differences dependent on scaffold topography (i.e. 

random vs. aligned).  

 

0.0948 g/ml 0.0129 g/ml 0.0040 g/ml 0.0017 g/ml 0.0008 g/ml 

Figure 2.3: FITC-Albumin gradient distribution within gelatin electrospun 
scaffolds. By physically entrapping FITC-albumin we were able to immobilize 
a gradient of albumin concentration. Fluorescent images demonstrate that from 
left to right the concentration of FITC-albumin within the gelatin construct is 
decreased. 
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2.1.2.5 Evaluation of Cell Proliferation and Morphology as a Function 
of Scaffold Architecture and Growth Factor Immobilization Pattern 
 
Gelatin is a natural material that has been utilized for several tissue engineering 

applications with minimum cytotoxicity [74,102]. The ability of cells to successfully 

adhere and proliferate was evaluated as a function of scaffold characteristics. 

Briefly, random and aligned scaffolds were adhered to the bottom of a 12- well 

plate utilizing fibrin glue. VEGF (10ng/ml) was physically entrapped on the scaffold 

for 20 min. HUVECs (Passages 2-4) were then seeded (50,000 cells/scaffold) and 

allowed to attach for 20 min @ 37 °C. Following cell attachment, each well was 

supplemented with 2 mL EGM-2 media (Lonza AG, Rockland, ME) and incubated 

at 37 °C and 5% CO2 for 5 days. Subsequent to incubation, live cells were stained 

with 100 μL per well of 0.1 mg/mL calcein AM to assess cell density and 

morphology. To evaluate HUVEC proliferation on nanofiber scaffolds we utilized a 

Click-iT® EdU Kit (Invitrogen, Carlsbad, CA).  Images of each scaffold were 

captured and then processed utilizing ImageJ and an add-on (Cell Counter) 

software.  

 

2.2 Results and discussion 

2.2.1 Scaffold Morphology as a Function of Electrospinning 

Parameters 

Cell adhesion, proliferation, and differentiation have been shown to be significantly 

influenced by scaffold characteristics (e.g. fiber diameter and morphology) [83].  

Several studies have demonstrated both cellular attachment and infiltration are 

predominantly affected by scaffold pore size and by individual fiber morphology 
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[84]. Herein, we evaluated the effect of electrospinning parameters (i.e. voltage, 

needle to collector distance, etc.) on scaffold fiber dimensions and orientation.  

Briefly, scaffolds were electrospun under a set of conditions in which gelatin 

concentration (5% or 10%), voltage amplitude (15kV or 20kV), needle-to-collector 

distance (10cm or 15cm), and feed rate (1, 4, or 8mL/hr) were varied. Fiber 

dimensions were determined using scanning electron microscopy. Results 

demonstrated, fiber diameters ranged from 0.15µm to 2µm and uniform nanofiber 

distribution was only achieved at specified fabrication conditions; electrospun 

scaffolds prepared under parameters B15 (15kV, 10cm N-t-C, 4mL/hr feed rate) 

were highly uniform with 70% of their fiber diameter ranging between 750-850nm 

(Figure 2.4 A and B).  In contrast,  when the N-t-C was increased to 15 cm and the 

feed rate to 8 mL/hr (Table 2.1, F15) the fiber diameters of electrospun scaffolds 

ranged between 150-2000nm (Figure 2.4 C and D).  Scaffolds prepared under the 

conditions described in B15 (15kV, 10cm N-t-C, 4mL/hr feed rate) were utilized for 

the remainder of the described studies. 

 

2.2.2 Effects of Crosslinking on Scaffold Morphology, Swelling and 
Degradation 

 
Crosslinking methods utilized to control mechanical properties of tissue 

engineering scaffolds can considerably affect fiber morphology as well as scaffold 

architecture, which in turn can influence cellular behavior [85].  To tailor 

physicomechanical properties of gelatin scaffolds Glutaraldehyde vapor (GA) was 

used as a crosslinking agent. Briefly, electrospun scaffolds were crosslinked with 

GA and allowed to be exposed to the GA vapor for different time frames. Results 
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demonstrated, within one hour of GA crosslinking, scaffold architecture and fiber 

dimensions were not significantly affected in both aligned (1 ± 0.3µm to 1 ± 0.2µm) 

or random (0.58 ± 0.15µm to 0.83 ± 0.14µm) fiber scaffolds (Figure 2.5).  There 

was a linear relationship between scaffold swelling and crosslinking time from 1 to 

2 hours. Once crosslinking time exceeded two hours, small differences in degree 

of swelling were observed.  Scaffolds crosslinked for 60, 90, 120 minutes, and 24 

hours had degrees of swelling of 11.26 ± 0.68, 6.23 ± 0.26, 3.94 ± 0.67, and 2.32 

± 0.48 respectively (Figure 2.6A). 

2.2.3 Growth Factor Release Profile 

Studies have demonstrated swelling profile differences among aligned and 

random fiber scaffolds, could influence cytokine release and loading profiles [86-

88,103]. We determined there was a 33% increase in the amount of a model 

protein (FITC-albumin) released from aligned scaffolds in comparison to the 

amount that was released from random scaffolds over a period of 24hrs in vitro 

(Figure 2.7B). 
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Figure 2.4: (A) Representative SEM image used to assess fiber diameters. 
Results yielded 5% of fibers diameters between 0.95-1.0μm, 20% between 
0.85-0.95μm, 70% between 0.75-0.85μm, and 5% between 0.65-0.75μm in 
diameter. (B) Representative SEM image used to assess fiber diameters. 
Results yielded 15% between 1.5-2μm, 15% between 0.95-1.5μm, 10% 
between 0.55-0.65μm, 10% between 0.45-0.55μm, 10% between 0.35-0.45μm, 
30% between 0.25-0.35μm, 10% between 0.15-0.25μm in diameter. 
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Figure 2.5: Changes in scaffold architecture and fiber dimensions as a 
function of glutaraldehyde crosslinking. Randomly deposited nanofibrous 
scaffolds (A) prior to crosslinking and (B) after crosslinking. SEM images of 
scaffold prior to crosslinking (C) and after crosslinking (D) used for assessing 
fiber diameters and morphology are shown. Crosslinking of 10% gelatin B 
nanofibers was achieved via glutaraldehyde vapor from a 25% GA solution at 
2mL per 500μL of electrospun gelatin for one hour. (E) Bar graph of fiber 
diameters from all conditions, i.e. aligned not crosslinked, random not 
crosslinked, aligned crosslinked, and random crosslinked. Measurements were 
taken from three SEM images per condition, and twenty fibers per image. 
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Figure 2.6: Degree of swelling and degradation kinetics as a function of 
GA vapor exposure time. (A) Electrospun scaffolds were crosslinked for 1, 1.5, 
2, and 24 hours degrees of swelling ranged from of 11.25±0.69 to2.32±0.48 
respectively. (B) Degradation kinetics of electrospun scaffolds as a function of 
GA vapor exposure time. Samples were degraded in 0.1mg/mL collagenase 
solution in PBS 
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Figure 2.7: (A) Evaluation of the degree of swelling as a function of scaffold 
architecture (i.e. Aligned fiber scaffolds vs. Random fiber scaffolds) and (B) 
Comparison between the release profiles of FITC-albumin from aligned fiber 
scaffolds and random fiber scaffolds. Aligned and random scaffolds were 
electrospun under parameters B15 (Table 1) and crosslinked with 
glutaraldehyde vapor for one hour. 
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2.2.4 Cell Proliferation and Morphology as a Function Of Scaffold 
Architecture and Growth Factor Gradient 
 
Several authors have demonstrated tissue engineering construct parameters (i.e. 

morphological characteristics, fiber alignment, GF gradients) can significantly 

influence cellular behavior [88].  Preliminary results demonstrated HUVECs 

adhered successfully onto 3-D electrospun gelatin B scaffolds (Figure 2.8).  Briefly, 

cell density on the surface of the gelatin scaffolds was determined to be 158 ± 11 

cells/mm2 while at the control groups (2-D culture plates) was determined to be 

320 ± 152 cells/mm2. Subsequently, we evaluated the effect of nanotopographical 

cues and VEGF gradients immobilized onto gelatin nanofibrous scaffolds on 

HUVEC alignment, density and proliferation. We identified nanofiber alignment 

(random vs. aligned) had a pronounced effect on individual cell morphology (Figure 

2.9).   

HUVECs responded to aligned scaffold morphology through elongation and 

organization parallel to the nanofibers (Figure 2.9B). Conversely, cells seeded on 

random fiber scaffolds exhibited a rounded morphology, lower proliferation rates 

and reduced migration (Figure 2.9C).  This cellular response of HUVECs to aligned 

or random fibers is in concord with our previous studies [102] and several others 

[100,104-108]. Nanoscopic topography is known to influence cell behavior and 

morphology via contact guidance [83,84,109,110]. This difference in cellular 

response could be a result of gap size between fibers; the larger the gaps between 

fibers the less cell-cell interactions will occur, hindering cellular processes [85]. 

Aligned fibers presented cells with smaller gaps between fibers and increased 

surface area which allowed for HUVECs to attach and spread more easily 
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compared to random fibers. This cell infiltration was evident from fluorescent 

microscopic images taken at various scaffold depths in the random fiber orientation 

groups, while minimum infiltration was observed in the aligned nanofibrous 

scaffolds. Similar findings on the effect of fiber orientation of electrospun scaffolds 

on pore size and cellular infiltration have been reported by others [85,90]. 
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Figure 2.8: HUVEC proliferation as a function of scaffold topography – 
Aligned versus Random. Assessment was performed after 5 days in culture 
using a calcein AM stain and fluorescent microscopy. Representative 
fluorescent images (10X magnification) of cells growing on 2-D wells (A and B) 
and electrospun scaffolds (C and D) with random fiber orientation loaded with 
10ng/mL of VEGF.  
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We also found that in addition to fiber architecture, HUVEC behavior was also 

dependent on growth factor growth factor delivery profile. Results demonstrated 

cells migrated up the VEGF concentration gradient, yielding to higher cell 

densities, and changes in cellular morphology and proliferation rates (Figures 

2.10). The number of HUVECs that migrated (Figure 2.10A) up the VEGF gradient 

after 14 days of incubation was of 298 ± 13.4 cells/mm2 in the case of aligned 

constructs while for the randomly orientated constructs it was of 158 ± 11 cells/ 

mm2 (p<0.05). HUVECs resulted in higher proliferation rates (Figure 2.10B) when 

cells were cultured on aligned fibers (14.8 ± 5.19 cells/ mm2) compared to 10.2 ± 

A B C

D E F

 100µm  100µm  100µm 

 50µm  50µm  50µm 

Figure 2.9: Cytoskeleton arrangement of HUVECs on electrospun gelatin 
scaffolds. (A & D) Bare well, (B & E) Aligned fiber orientation, and (C & F) 
Random fiber orientation (A, B, and C all taken at 20X magnification while D, E, 
and F taken at 40X magnification).  10,000 cells were added to each well 
containing scaffolds (1 cm diameter, 24-well plates) and the cells were incubated 
at 37 °C/5 %CO2 for 5 days.  Following incubation, the cells were stained with 
Alexa Fluor 488 Phalloidin and DAPI per manufacturer’s protocol, and the cell-
scaffolds were imaged with a fluorescent microscope to assess the effect of the 
scaffold’s fiber orientation on cell morphology.   
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4.11 cells/ mm2 when seeded on random fibers (p<0.05). Studies have 

demonstrated migration of endothelial cells and sprouting vessels are dependent 

on VEGF gradient shape [100]. Cells cultured on exponential gradients show 

increased chemotactic response and directed capillary growth [86,100]  compared 

to linear gradients [87]. Additionally, the combination of aligned fiber scaffolds and 

VEGF gradients enhanced cellular responses, resulting in higher cell densities and 

cellular elongation which lead to higher cell-cell interactions and contact guidance. 

In conclusion, HUVEC behavior was influenced by nanotopographical changes 

and VEGF gradient. Cells cultured on aligned fiber scaffolds in combination with 

VEGF gradients displayed significant changes and differences in proliferation, cell 

density and morphology compared to cells seeded on random fiber constructs. 
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2.3 Conclusions 

In this study, we described a novel electrospinning approach to fabricate VEGF-

loaded nanofibrous scaffolds with patterned fiber architecture and assessed their 

ability to direct cellular behavior.  Electrospun gelatin scaffolds with variable fiber 

orientation, dimensions and rate of degradation were produced by controlling the 

fabrication parameters (i.e. needle-to-collector distance, electric field, electrode 

polarity, glutaraldehyde crosslinking, etc.).  HUVEC behavior was influenced by 

nanotopographical changes and VEGF gradients. Cells cultured on aligned fiber 

scaffolds in combination with VEGF gradients displayed significant changes and 

differences in proliferation, cell displacement and morphology compared to cells 

seeded on random fiber constructs. These results suggest the combinatory effect 
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Figure 2.10: Cell density and proliferation as a function of scaffold 
topography. Number of cells that migrated up the concentration gradient was 
higher when HUVECs were seeded on aligned fiber scaffolds (A) (*p<0.05). 
Scaffold morphology influences cell proliferation. HUVEC proliferation (B) was 
reduced when cultured on random fiber scaffolds (p>*0.05).  
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of electrospun aligned fiber scaffolds, VEGF gradients and HUVECs could be a 

potential tissue engineering approach to direct vascular patterning. This is 

particularly important since the formation of new vessels in response to pro-

angiogenic growth factor stimulation or matrix rearrangement is associated with 

the activation of quiescent endothelial cells which in part involves changes in cell 

morphology (i.e. elongation) and the formation of new contacts with the underlying 

substrate [39]. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 
 

CHAPTER 3: DETERMINE THE EFFECT OF VEGF RELEASING 
ELECTROSPUN SCAFFOLDS ON CELLULAR BEHAVIOR (I.E. 
PROLIFERATION AND MIGRATION) IN VITRO 

Tissue and organ (i.e. blood vessels, nerves, bone) development [99-102] often 

arise from the spatially and temporally tuned growth factor delivery profile. 

Angiogenesis is one of these types mechanisms controlled by an intricate cascade 

of events. The formation of mature new vascular networks are initiated by pro-

angiogenic growth factors such as vascular endothelial growth factor (VEGF) 

mediated by different types of endothelial cells (i.e pericytes, smooth muscle cells) 

[104,105]. To regulate vessel density, size, and distribution to pattern vascular 

networks, VEGF and its isoforms [106], and other angiogenic growth factors act in 

spatial–temporal gradients. Spatial control over angiogenesis is especially 

important since unguided vessel growth may lead to incorrect vascular patterning, 

vessel instability and poor network functionality [107]. 

The biological mechanisms of angiogenesis suggest that strategies to develop new 

blood vessels may benefit from tailored spatial–temporal delivery of cytokines 

[108,109]. Traditionally, therapeutic angiogenic approaches for ischemic diseases 

(e.g. coronary artery disease, peripheral vascular disease) have focused on 

delivering bolus injections of single growth factors however; the lack of control over 

growth factor availability using this approach has limited its clinical success 

[108,109]. The need for spatial–temporal growth factor delivery strategies have 

been addressed by immobilizing single growth factors on substrates [18,31,33] or 

by encapsulating them in delivery vehicles [33,73,74]. However, with these 

approaches, the sustained and patterned release of

46 
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bioactive molecules remains a challenge. Therefore, we have electrospun 

scaffolds with different architectures that allow localized and sustained delivery of 

VEGF in distinct spatial distributions to evaluate vessel formation as a function of 

substrate characteristics. However, growth factor spatial-temporal delivery alone 

may not stimulate mature vessel development and subsequent patterning. The 

addition of endothelial cells (i.e. HUVECs or EPCs) may entice scaffold 

vascularization more effectively. 

We previously described the synthesis of gelatin electrospun scaffolds for guided 

angiogenesis [102]; results demonstrated HUVEC morphology and orientation 

were affected by fiber orientation and growth factor growth factor delivery profile. 

Although HUVEC behavior was influenced by construct characteristics, tube-like 

structures were not well defined. Studies have demonstrated that although EPCs 

have undergone differentiation, they still possess properties of immature cells, thus 

suggesting greater angiogenic capabilities compared to mature endothelial cells 

(i.e. HUVECs) [88-90]. 

The goal of this aim is to determine the proper balance between physical (i.e. 

electrospun scaffold fiber architecture) and chemical (i.e. VEGF) cues for the 

purpose of achieving optimum EPC or HUVEC attachment, proliferation and 

migration within electrospun scaffolds. With a suitable balance, in conjunction with 

scaffold- cell (EPCs-HUVECs) interaction we can recreate vasculature networks 

by organizing cells into specific patterns. 
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3.1 Experimental Approach 

3.1.1 Live imaging design and setup mechanism 

To evaluate cellular behavior in real time we tailored our own microscope stage 

incubator. This system is composed of two subsystems, a well plate incubator 

system (Appendix I) and a visualization system. Our well plate incubator is 

composed by a chamber, control unit, preheating module and humidifying module 

(Figure 3.1).  

 

 

 

This system regulates chamber temperature, CO2 and humidity. Briefly, chamber 

temperature is regulated by the combined action of two controllers acting on the 

power dissipated by the electric resistances, embedded both in the base and in 

the lid of the incubating chamber. CO2 levels are maintained constant by mixing 

Figure 3.1: Diagrammatic representation of well plate incubator 
components 
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CO2 with air in the control unit, this mixture is continuously fed into the incubating 

chamber to control medium pH. Finally, the humidifying module helps prevent 

medium evaporation and avoid water condensation on glass and plastic surfaces. 

Figure 3.2 shows how the system is connected.  

 

 

 

 

 
 

Figure 3.2: Diagrammatic representation of well plate incubator 
ti  
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Our visualization system is composed of Motic inverted microscope equipped with 

epi-fluorescence. A CCD camera is utilized to capture images and for time-lapse 

video. In order to obtain live cell images we place the chamber from our well plate 

incubator on top of the microscope’s stage (Figure 3.3). Once situated properly our 

motic camera software is initiated and time-lapse video is obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 
3.1.2 HUVEC and EPC cell culture 

HUVECs were obtained from Lonza (Rockland, ME). Cell culture was maintained 

at 37°C and 5% CO2 in endothelial basal media -2 (EBM-2, Lonza AG, Rockland, 

ME) supplemented with SingleQuotes growth factors. EPCs (Promocell, Germany) 

were processed according to manufacturer specifications, followed by seeding on 

type I collagen-coated plates. Cells were expanded in Endothelial Progenitor 

Figure 3.3: Diagrammatic representation of chamber placement 
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Medium - Ready to use - (Promocell, Germany) and maintained at 37°C and 5% 

CO2.  At day 4 cells were passaged, seeded on type I collagen coated plates and 

cultured in EBM-2 (Lonza AG, Rockland, ME) supplemented with SingleQuotes 

growth factors. Passages 2-4 were utilized for all experiments.  

3.1.3 Cell density and tubular formation as a function of time and scaffold 
morphology  

Scaffolds were synthesized as previously described [102]. Random and aligned 

scaffolds were adhered to the bottom of a 12- well plate utilizing fibrin glue. VEGF 

(10ng/ml) was physically entrapped on the right side of the scaffold for 20 min. 

EPCs or HUVECs were then seeded (50,000 cells/scaffold) on the left side and 

allowed to attach for 20 min @ 37 °C (Figure 2.2). At day 7 and 14 scaffolds were 

stained with CalceinAm (Invitrogen, Carlsbad, CA) to assess cell density per unit 

area and tubular formation. Subsequently, images of each scaffold were captured 

utilizing a Motic AE 20/21 microscope (VWR, Radnor, PA) with a 4X-10X objective. 

To ensure each scaffold was observed in its entirety 15 images were taken per 

construct. The number of images per scaffold was defined as a function of total 

scaffold area (2 cm2) and microscope field of view (diameter 0.26 cm). To measure 

cell density per unit area we uploaded the images to ImageJ (NIH, Bethesda, MD) 

and utilizing particle analysis we determined the number of cells. To assess tubule 

length and number we identified and selected 5 cell clusters from where tubule 

growth was apparent and took measurements utilizing the measurement analysis 

tool from Image J. The total number of measurements was averaged to determine 

the overall tubular length per scaffold.  
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3.1.4 Cell proliferation as a function of time and scaffold morphology  

EPC and HUVEC proliferation on nanofiber scaffolds was evaluated utilizing a 

Click-iT® EdU Alexa Fluor® 488 Imaging Kit (Invitrogen, Carlsbad, CA). Both types 

of cells were incubated with 10µl of EdU for 48 hrs subsequent to seeding on 

nanofibrous constructs. Cells were then fixed and permeabilized followed by the 

addition of the Click-iT® reaction cocktail. Images were taken to evaluate cell 

proliferation as a function of nanotopography and VEGF gradients.  

3.1.5 Cell Migration Evaluation  

Prior to cell seeding onto scaffolds, both EPCS and HUVECs were transfected with 

CellLight® Reagent *BacMam 2.0* (Baculovirus) following manufacturer’s 

(Invitrogen, Carlsbad, CA) protocol. Subsequently, random and aligned scaffolds 

were placed on glass bottom dishes, VEGF (10ng/ml) was physically entrapped 

on the right side of the scaffold for 20 min. Transfected EPCs or HUVECs were 

then  seeded (50,000 cells/scaffold) onto the left side of the scaffold and allowed 

to attach for 20 min @ 37 °C. Cells were incubated for 24 hrs before beginning 

time lapse imaging. Images were collected at 10min intervals for 24 hrs utilizing a 

Motic AE 20/21 microscope equipped with a stage incubator (OKO labs, Warner 

instruments, Hamden, CT). Cell migration was quantified manually by tracking the 

coordinates of 25 migrating cells using Motic Plus 2.0 software. Average migration 

velocity (Vmig ) was calculated equation (a) The effective displacement (Dmigeff) due 

to migration was calculated using  equation (b). Additionally, using Image J plugin 

chemotaxis and migration tool (NIH- IBIDI, Bethesda, MD) cellular migration paths 
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were delineated and animated by manually tracking 3 cells per group over 25 

successional coordinates. 

 

 

 

 

 

 

3.1.6 Cell morphology  

Images of cells were taken at 10X magnification to evaluate circularity at day 7 and 

14. Perimeter and area measurements were calculated utilizing ImageJ software. 

Circularity was evaluated using formula below (c).   

 

 

 

A is the approximate area of the cell and P is the perimeter of the cell. Circularity 

is described as a measurement that ranges between 0 and 1, where 0 < C ≤ 1 (In 

an elongated shape C → 0 and in a circle C →1). 

 

(a) Average migration velocity (Vm) 

𝑉𝑉𝑚𝑚 =
∑ �(𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑖𝑖−1)2 + (𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑖𝑖−1)2𝑛𝑛
𝑖𝑖=1

∑ 𝑡𝑡𝑖𝑖𝑛𝑛
𝑖𝑖=1

 

 

(b) Displacement due to migration 

𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚.𝑒𝑒𝑒𝑒𝑒𝑒 = �(𝑥𝑥𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑥𝑥𝑜𝑜)2 + (𝑦𝑦𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑦𝑦𝑜𝑜)2 

 

 (c) Circularity 

𝐶𝐶 =
4𝜋𝜋𝜋𝜋
𝑃𝑃2
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3.1.7 Immunohistochemistry 

Cells were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 

in PBS and stained for endothelial cell markers and cytoskeleton structure. Primary 

antibodies utilized were: anti-von Willenbrand Factor (Sigma) and anti- vascular 

endothelial cadherin (Chemicon). Subsequently cells were washed and incubated 

in their respective secondary antibodies: Alexa Fluor® 647 Goat Anti-Mouse IgG 

(H+L)- VE Cadherin (Invotrogen) and fluorescein F(ab’) fragment goat anti-rabbit 

IgG (H+L)- von Willenbrand Factor. Subsequently cells were viewed using a Motic 

AE 20/21 microscope equipped with Motic Plus 2.0 software. Fluorescence 

intensity was determined by using ImageJ (NIH, Bethesda, MD). Photos were 

converted to grey scale and in each picture five representative vessels were 

selected. The integrated density (product of area and mean grey value) was 

calculated for each selected area. Additionally, the mean average value was 

subtracted from five background intensities per image (mean grey value background). 

The average fluorescence intensity (mean grey value vessels) was calculated 

(CFCT: integrated fluorescence density) whereby the total vessel area multiplied 

with mean grey value background was subtracted from the average fluorescence 

intensity and summarized as the corrected total cell fluorescence. 

3.2 Results and Discussion 

In this study, VEGF concentration gradients were immobilized on nanofibrous 

gelatin electrospun scaffolds to compare EPC and HUVEC behavior and their 

angiogenic potential as a function of construct parameters (i.e. morphological 
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characteristics, fiber alignment, VEGF gradients).  We found that both EPC and 

HUVEC behavior (adhesion, proliferation and migration) were highly dependent on 

VEGF gradient presentation. After a 14 day period, average circularity (Figure 3.4) 

showed both EPCs and HUVECs seeded on aligned fiber scaffolds had increased 

alignment and elongation compared to cells seeded on random fiber scaffolds, 

which displayed a rounded morphology (p<0.05) (Figure 3.4A and B). There was 

no statistical significance when comparing gradient presentation to the controls 

(Bare and constant VEGF). When cell types were compared, the average 

circularity in all groups was reduced in EPCs in relation to HUVECs (Figure 3.4C 

and D). This was particularly evident in groups where VEGF gradients had been 

immobilized on aligned fiber scaffolds (Figure 3.4D) (p<0.05) where the average 

circularity of EPCs was of 0.32 ± 0.06 and 0.40 ± 0.12. 
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Furthermore, the rate of cell migration and effective displacement was higher up 

the VEGF concentration gradient in both cell types (Figure 3.5 -3.8). However, 

EPC migration was improved on aligned and random nanofibrous scaffolds when 

compared to HUVEC migration (Figure 3.6A and B). The average velocity of EPCs 

cultured on aligned fiber constructs was 0.43 ± 0.08 µm/min, while for HUVECs it 

was estimated at 0.34 ± 0.05 µm/min (p<0.05). Similarly, migration on random 

fibers was of 0.19 ± 0.02 µm/min and 0.14 ± 0.01 µm/min, respectively (p<0.05). 

As shown in figure 3.6 C and D, topographical cues in combination with VEGF 
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Figure 3.4: EPC and HUVEC morphological response to nanotopography 
and VEGF gradients (Circularity) (A) HUVECs (B) and EPCs cultured on 
random and aligned fiber scaffolds modified with VEGF gradients exhibited 
morphological changes. Both EPCs and HUVECs had reduced circularity when 
cultured on aligned fibers (*p<0.05). Circularity differences were also observed 
when cell types were compared, EPCs seeded on random fiber scaffolds (C) 
and on aligned fiber scaffolds (D) had decreased circularity compared to 
HUVECs. 
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gradients also influenced cellular movement, HUVECs and EPCs migrated more 

rapidly when seeded on aligned fibers (0.34 ± 0.05 µm/min  and 0.43 ± 0.08 

µm/min , respectively) compared to random fibers (0.14 ± 0.01 µm/min and 0.19 ± 

0.02 µm/min, respectively) (p<0.05).  

Results of effective displacement assessment demonstrated EPCs travelled 

further than HUVECs on both types of scaffolds (Figure 3.7 A and B). The effective 

migration distance of EPCs and HUVECs on aligned scaffolds was of 843 ± 137 

µm and 524  ± 142 µm (p<0.05), respectively, while displacement on random fiber 

scaffolds was of 351 ± 124 µm and 319 ± 120 µm, respectively (p<0.05). 

Furthermore, when comparing topographical characteristics, both HUVECs and 

EPCs (843 ± 137 µm and 351 ± 124 µm, respectively) had enhanced migration on 

aligned fiber scaffolds compared to random fibers (524  ± 142 µm and 319 ± 120 

µm, respectively) (p<0.05)(Figure 3.7 C and D). These results could indicate both 

HUVECs and EPCs migrate in a linear fashion when seeded on aligned substrates, 

however cellular migration path tracking demonstrated both types of cells migrated 

based on random walk (Figure 3.8).  Results show the angle of cell path dispersion 

is smaller in aligned fiber scaffold groups (Figure 3.8 A and B) compared to those 

seeded on random fiber scaffolds (Figure 3.8 C and D). Briefly, the random walk 

dispersion angle of EPCs and HUVECs on aligned scaffolds was of 15° and 30°, 

respectively, while on random fiber scaffolds the angle was of 55° and 65°, 

respectively (Figure 3.8). 
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Figure 3.5: Images of time-lapse video utilized for cell tracking. Cell 
migration was quantified manually by tracking the coordinates of 25 migrating 
cells. Quantification of cell movement between frames of a temporal stack was 
obtained by utlizing manual tracking plugin from ImageJ in order to obtain 
migration paths (Figure 3.8) of each cell and then the data was exported to excel 
to calculate velocity and displacement as a function of time. 
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Figure 3.6: Migration velocity as a function of VEGF gradients and scaffold 
topography. Cell migration was found to be up the VEGF concentration 
gradient in all groups. HUVECS (A) and EPCs (B) seeded on aligned fiber 
scaffolds showed higher migration rates compared to cell cultured on random 
fiber constructs (*p<0.05). Migration velocity differences were also observed 
when HUVECs were compared to EPCs, in both types of scaffolds (Random 
(C) and Aligned (D)), EPCs migrated faster (*p<0.05). 
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Figure 3.7: Effective displacement as a function of VEGF gradients and 
scaffold topography. HUVECs (A) and EPCs (B) seeded on aligned fiber 
scaffolds migrated further compared to cell cultured on random fiber constructs 
(*p<0.05). Displacement differences were also observed when cell types were 
compared, EPCs seeded on random fiber scaffolds (D) and on aligned fiber 
scaffolds (E) had higher migration distances compared to HUVECs (*p<0.05). 
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Figure 3.8: Cellular migration paths as a function of scaffold topography. 
HUVECs (A) and EPCs (B) seeded on aligned fiber scaffolds migrated further 
compared to cell cultured on random fiber constructs – HUVECs (C) and EPCs 
(D, despite cell movement was in a random walk fashion. Yellow lines show the 
angle of cellular path dispersion -- (A) 30° (B) 15° (C) 65 ° (D) 55°. 
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In both types of cells, cell proliferation rate and cell density (Figures 3.9 and 3.10) 

were a function of scaffold nanotopography and VEGF gradient. After 14 days of 

incubation, the number of EPCs and HUVECs that migrated (Figure 3.9A and B) 

towards the VEGF gradient was higher on aligned constructs (281 ± 48 and 158.4 

± 11 cells/ mm2, respectively) compared to the randomly orientated constructs (320 

± 69.6 and 298.6 ± 67 cells/ mm2, respectively) (p<0.05). Similar results were 

observed when cell density on scaffolds with constant and gradient VEGF (Figure 

3.9A and B) were compared to the control (Bare scaffold) (p<0.05). Moreover, 

when comparing cell type (Figure 3.9C and D), EPC density (320 ± 26 

cells/mm2 and 298 ± 13.4 cells/mm2) was higher compared to  HUVEC density 

(280 ± 24 cells/ mm2 and 158 ± 11 cells/ mm2) on both aligned and random fiber 

oriented constructs. Although this behavior was observed in all groups, it was only 

significant in constructs with VEGF gradients (Figure 3.9). Cell proliferation rates 

(Figure 3.10) of EPCs seeded on aligned fiber scaffolds were increased in all 

groups compared to cells seeded on random fiber scaffolds (p<0.05) (Figure 3.9B).  

Similarly, HUVECs resulted in higher proliferation rates (Figure 3.10A) when cells 

were cultured on aligned compared to random fiber scaffolds, however rates were 

not significantly different. When cell types were correlated (Figure 3.10C and D), 

EPCs were found to have higher proliferation rates in both types of scaffolds 

compared to HUVECs (p<0.05), this was observed in all groups (Bare, Constant 

VEGF and VEGF gradient). 
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Figure 3.9: Cell density as a function of VEGF gradients and scaffold 
topography. Number of cells that migrated up the concentration gradient was 
higher when HUVECs (A) and EPCs (B) were seeded on aligned fiber scaffolds 
(*p<0.05). Differences between HUVEC and EPC density were also observed. 
EPCs density on both random (C) and aligned (D) fiber constructs was higher 
compared to HUVEC density. 
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Figure 3.10: EPC and HUVEC proliferation as a function of VEGF gradients 
and scaffold topography.  Scaffold morphology influences cell proliferation. 
HUVEC (A) and EPC (B) proliferation was reduced when cultured on random 
fiber scaffolds (p>*0.05). Proliferation rates were also found to be reduced in 
HUVECs compared to EPCs when seeded on both random (C) and aligned (D) 
fibers (*p<0.05). 
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Scaffold architecture and the presence of a VEGF gradient affected EPC and 

HUVEC sprouting. Capillaries were found to elongate up the VEGF concentration 

gradient compared to surfaces containing a constant VEGF concentration. At day 

7 tubules were apparent only in groups containing aligned fiber scaffolds (Figure 

3.11A) which continued to elongate and align themselves parallel to the nanofibers 

over a 14 day period. Furthermore, average tubule length (Figure 3.11B) over a 14 

day period was found to be greater in scaffolds seeded with EPCs (485 ± 29.4 µm) 

compared to HUVECs (256 ± 63 µm). Similar HUVEC and EPC behavior was 

observed when evaluating sprout number per unit area. At day 7 and 14 scaffolds 

seeded with EPCs developed a higher number of capillaries compared to scaffolds 

seeded with HUVECs (Figure 3.11C).Furthermore, the levels of protein expression 

of markers such as vWF were found to be similar in both types of cell cultures 

(Figure 3.12) and present in tubules formed within aligned fiber scaffolds.  

VEGF gradients immobilized on nanofibrous scaffolds were investigated for their 

effects on EPC and HUVEC behavior. Gradients of VEGF have been shown to 

have potent chemotactic effects on endothelial cells compared to other types of 

angiogenic growth factors (e.g. bFGF) [106]. Furthermore, synthesis of a 3D 

polymeric scaffold in combination of gradients more accurately mimics native 

ECM, thus eliciting cell behavior that is conductive to the formation of new tissue, 

while providing spatial and temporal control of growth factor release [31,70,106].   
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Figure 3.11: Effect of VEGF gradient and scaffold nanotopography on 
tubular formation. Tubular development was observed only in cells seeded on 
aligned fiber scaffolds (A). Vessel elongation differences were observed between 
cell types (B). HUVECs were found to develop shorter vessels compared to EPCs 
over a period of 14 days (*p<0.05). Number of vessels per unit area were 
significantly different between cell types (C). HUVECs developed less number of 
tubules per unit area compared to EPCs. Bar = 20µm. 
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Figure 3.12: EPC and HUVEC immunohistochemistry evaluating expression 
of von Willebrand factor and VE-Cadherin as a function of VEGF gradients 
and scaffold topography. Tubular formation was observed only in cells cultured 
on aligned fiber scaffolds. The level of vWF (A) and VE-Cadherin (B) expression 
was found to be similar in tubules developed from HUVECs and EPCs at day 14. 
Corrected total cell fluorescence (CTCF) shows tubules are positive for vWF and 
VECadherin staining in both groups. There were no significant differences in 
staining intensity when comparing groups. CTCF is expressed and percentage of 
protein expression per group. 
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Studies have shown that both spatial presentation of cytokines [69,91,92] and 

scaffold topography [85,93,94] dictate a plethora of cell responses and play a 

major roles in neovascularization.  

This study focused on the effects of nanotopographical cues and VEGF gradients 

immobilized onto gelatin nanofibrous scaffolds on EPC and HUVEC proliferation, 

migration, displacement, alignment and tubular formation. Results demonstrated 

that scaffold morphology and VEGF gradients influenced cell behavior and tubular 

formation over a period of 14 days. The observed cellular response of EPCs and 

HUVECs to aligned or random fibers is in concord with our previous studies [102] 

and several others [100,104-108]. Nanoscopic topography is known to influence 

cell behavior and morphology via contact guidance [83,84,109,110]. We found 

EPCs and HUVECs responded to aligned scaffold morphology through elongation 

and organization parallel to the nanofibers, increase in proliferation rates, 

enhanced migration and tubular formation. Conversely, cells seeded on random 

fiber scaffolds exhibited a rounded morphology, lower proliferation rates and 

reduced migration.  This difference in cellular response could be a result of gap 

size between fibers; the larger the gaps between fibers the less cell-cell 

interactions will occur, hindering cellular processes [85]. Aligned fibers presented 

cells with smaller gaps between fibers and increased surface area which allowed 

for EPCs and HUVECs to attach and spread more easily compared to random 

fibers.  

Moreover, cells migrating up the VEGF concentration gradient, yielding to higher 

cell densities, and changes in cellular morphology, proliferation rates and tubular 
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formation. EPCs and HUVECs seeded on aligned fiber scaffolds modified with 

VEGF gradients developed capillaries parallel to the fibers. In contrast, cells 

seeded on random fiber scaffolds did not have apparent tubular growth. Studies 

have demonstrated migration of endothelial cells and sprouting vessels are 

dependent on VEGF gradient shape [100] and cell migration pathways 

[91,104,111,112]. Cells cultured on exponential gradients show increased 

chemotactic response and directed capillary growth [86,100] compared to linear 

gradients [87]. This cellular behavior towards gradients in combination with 

spatially constraining cells to follow specific paths, leads to an increase of coupling 

of cells via cell-cell interactions, which have been found to govern directionality. 

Cell migration has been often classified as a persistent random-walk and it is 

characterized by cell velocity and directional persistence (i.e. how long the cells 

tend to move linearly before changing direction). If directional persistence is high, 

groups of cells are more likely to move in a correlated manner. This collective 

migration is further enhanced by adhesive bonds between individual cells [113-

115]. This could explain why the combination of aligned fiber scaffolds and VEGF 

gradients enhanced the formation of tube-like structures along the fibers. 

Conclusively, an increase in migration velocity of both EPCs and HUVECs resulted 

in higher cell densities and cellular elongation, which lead to higher cell-cell 

interactions and contact guidance. 

 
Another aspect that we investigated was whether EPCs behaved differently from 

mature endothelial cells (i.e.HUVECs) when cultured on nanofibrous scaffolds 

modified with VEGF gradients. Results demonstrated EPCs had increased 
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elongation, proliferation, migration and tubular formation compared to HUVECs. 

Studies have found EPCs are more sensitive to VEGF than HUVECs, due their 

higher VEGF receptor (i.e. KDR) expression [95,96]. Thus, functions such as 

migration and proliferation are increased in EPCs compared to HUVECs, which 

would likely explain the differences in cellular behavior. 

 

3.3 Conclusions 

In this study, EPC and HUVEC behavior was influenced by nanotopographical 

changes and VEGF gradients. Cells cultured on aligned fiber scaffolds in 

combination with VEGF gradients displayed significant changes and differences in 

proliferation, cell displacement and morphology compared to cells seeded on 

random fiber constructs. Furthermore, HUVEC and EPC behavior was found to be 

similar however, EPCs seeded on aligned fibers constructs modified with VEGF 

gradients displayed longer tubules, higher migration velocities and increased 

elongation on compared to HUVECs. These results suggest the combinatory effect 

of electrospun aligned fiber scaffolds, VEGF gradients and EPCs could be a 

potential tissue engineering approach to direct vascular patterning. 

 

 

 

  

 
 



 
 

CHAPTER 4: DEVELOP EPC-SEEDED VASCULAR SHEETS AND 
DETERMINE CAPILLARY FORMATION AND DIRECTIONALITY AS A 
FUNCTION OF CONSTRUCT PARAMETERS AND CO-ADMINISTRATION OF 
VEGF AND SDF-1Α 

In angiogenesis, activated endothelial cells degrade the basement membrane, 

followed by migration, proliferation, alignment, tubular formation, and branching 

creating anastomoses with neighboring vessels. Several cytokines are involved in 

post ischemic angiogenesis, among these are VEGF and stromal cell-derived 

factor-1 (SDF-1) [97,98]. Both SDF-1α and VEGF have been considered crucial in 

EPC differentiation and migration [116].  Recent studies have shown SDF-1α has 

the characteristic of binding specifically to only one type of receptor – CXCR4, 

resulting in a potent chemokine that plays a role in targeted biological processes 

[99] such as (a) migration, (b) chemotactic responses, (c) adhesion and (d) 

secretion of MMPs and angiopoietic factors (e.g., VEGF) (115). Furthermore, SDF-

1α has been found to increase the adhesion of CD34+ haematopoietic cells and 

endothelial progenitor cells to VCAM-1, ICAM-1, fibronectin, collagen and 

fibrinogen by activating cell surface integrins [117-120]. The contribution of SDF-

1α to cellular migration and adhesion has prompted investigators to study how 

SDF-1α regulates the dynamics of angiogenesis and its potential therapeutic 

applications. SDF-1α delivered locally as a free protein enhances EPC recruitment 

into ischemic tissue resulting in increased angiogenesis [119,121]. Moreover, 

SDF-1α expression is up-regulated in ischemic tissues, suggesting an SDF-1α 

gradient is established thus facilitating progenitor cell mobilization and homing 

[121]. Although studies utilizing SDF-1α alone have yielded promising results 

[122], capillary formation has not been significant compared to combination 
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therapies. Studies have demonstrated the co-administration of angiogenic growth 

factors (i.e., VEGF, IGF, SDF-1α and Ang-1) significantly increase the size and 

number of capillaries compared to the delivery of a single cytokine [31,123,124]. 

Sun et al. found that immobilizing a combination of VEGF, IGF, Ang-1 and SDF-

1α within a Dex/PEGDA hydrogel increased the size and number of vessels 

compared to the delivery of a single cytokine (e.g. SDF-1α, VEGF). They also 

demonstrated this synergistic effect between biomolecules was only present when 

VEGF was delivered [123].  

VEGF is a unique potent angiogenic factor that has a direct mitogenic actions 

specific to endothelial cells, and is responsible for neoangiogenesis [46,100,125]. 

Although several cytokines work in conjunction to entice neovascularization, VEGF 

and SDF-1α have been found to be key mediators of interactions between 

angiogenic growth factors and chemokine-induced angiogenesis. There is 

extensive evidence that demonstrates SDF-1α upregulates VEGF synthesis during 

angiogenic processes [116,124,126], thus regulating migration, survival, 

proliferation, and differentiation of endothelial cells. 

The goal of this aim is to determine if the co-delivery of SDF-1α and VEGF in 

combination with aligned electrospun scaffolds will provide the necessary cues to 

entice EPC attachment, proliferation and migration within nanofibrous scaffolds 

and promote vessel development and directionality.  
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4.1 Experimental Approach 

4.1.1 EPC cell culture 

EPCs (Promocell, Germany) were processed according to manufacturer 

specifications, followed by seeding on type I collagen-coated plates. Cells were 

expanded in Endothelial Progenitor Medium - Ready to use - (Promocell, 

Germany) and maintained at 37°C and 5% CO2.  At day 4 cells were passaged, 

seeded on type I collagen coated plates and cultured in EBM-2 (Lonza AG, 

Rockland, ME) supplemented with SingleQuotes growth factors. Passages 2-4 

were utilized for all experiments.  

4.1.2 Cell density and proliferation as a function of VEGF and SDF-1α 
delivery 

To assess cellular density and proliferation as a function VEGF and SDF-1α the 

following groups were evaluated (A) Scaffold alone (B) Scaffold with VEGF 

gradient (C) Scaffold supplemented with SDF-1α (D) Scaffold with VEGF gradient 

in combination with SDF-1α supplementation and (E) Bare well supplemented with 

VEGF and SDF-1α (Figure 4.1).  

Scaffolds were synthesized as previously described [102]. Briefly, aligned 

scaffolds were adhered to the bottom of a 12- well plate utilizing fibrin glue and  

VEGF (10ng/ml) was physically entrapped on the right side of the scaffold for 20 

min (Groups B and D). EPCs were then seeded (50,000 cells/scaffold) on the left 

side and allowed to attach for 20 min at 37 °C (All groups). Subsequently, groups 

C and D were supplemented with a 10ng/ml solution of SDF-1α (Invitrogen, 
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Carlsbad, CA). All groups were cultured in EBM-2 and maintained at 37°C and 5% 

CO2. 

 

 

 

 

 

 

 

At day 7 and 14 scaffolds were stained with CalceinAm (Invitrogen, Carlsbad, CA) 

to assess cell density per unit area. Subsequently, images of each scaffold were 

captured utilizing a Motic AE 20/21 microscope (VWR, Radnor, PA) with a 4X-10X 

objective. To ensure each scaffold was observed in its entirety 15 images were 

taken per construct. The number of images per scaffold was defined as a function 

of total scaffold area (2 cm2) and microscope field of view (diameter 0.26 cm). To 

measure cell density per unit area we uploaded the images to ImageJ (NIH, 

Bethesda, MD) and utilizing particle analysis we determined the number of cells.  

EPC proliferation on aligned nanofiber scaffolds was evaluated utilizing a Click-

iT® EdU Alexa Fluor® 488 Imaging Kit (Invitrogen, Carlsbad, CA). EPCs were 

incubated with 10µl of EdU for 48 hrs subsequent to seeding on nanofibrous 

A B C D E 

Scaffold 

SDF-1α 

VEGF gradient 

Figure 4.1: Diagrammatic representation of scaffold preparation and cell 
seeding. (A) Bare scaffold (B) VEGF gradient (C) SDF-1α (D) VEGF gradient/ 
SDF-1α (E) Bare well supplemented with VEGF and SDF-1α. 

 

 
 



78 
 

constructs. Cells were then fixed and permeabilized followed by the addition of 

the Click-iT® reaction cocktail. Images were taken to evaluate cell proliferation as 

a function VEGF and SDF-1α delivery.  

4.1.3 Capillary formation as a function of VEGF and SDF-1α activity  

At day 7 and 14 scaffolds were stained with CalceinAm (Invitrogen, Carlsbad, CA) 

to assess capillary number per unit area and length. Images of each group were 

captured utilizing a Motic AE 20/21 microscope (VWR, Radnor, PA) with a 4X-10X 

objective. To ensure each scaffold was observed in its entirety 15 images were 

taken per construct. The number of images per scaffold was defined as a function 

of total scaffold area (2 cm2) and microscope field of view (diameter 0.26 cm). To 

assess tubule length and number we identified and selected 5 cell clusters from 

where tubule growth was apparent and took measurements utilizing the 

measurement analysis tool from Image J. (NIH, Bethesda, MD). The total number 

of measurements was averaged to determine the overall tubular number and 

length per scaffold.  

4.1.4 Cell Migration Evaluation  

Prior to cell seeding onto scaffolds, EPCS were transfected with CellLight® 

Reagent *BacMam 2.0* (Baculovirus) following manufacturer’s (Invitrogen, 

Carlsbad, CA) protocol. Subsequently, aligned scaffolds were placed on glass 

bottom dishes, Briefly, aligned scaffolds were adhered to the bottom of a 12- well 

plate utilizing fibrin glue and VEGF (10ng/ml) was physically entrapped on the right 

side of the scaffold for 20 min (Groups B and D). Transfected EPCs were then 
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seeded (50,000 cells/scaffold) on the left side and allowed to attach for 20 min @ 

37 °C (All groups). Subsequently, groups C and D were supplemented with a 

10ng/ml solution of SDF-1α (Invitrogen, Carlsbad, CA). All groups were cultured in 

EBM-2 and maintained at 37°C and 5% CO2. 

Cells were incubated for 24 hrs before beginning time lapse imaging. Images were 

collected at 10min intervals for 24 hrs utilizing a Motic AE 20/21 microscope 

equipped with a stage incubator (OKO labs, Warner instruments, Hamden, CT). 

Cell migration was quantified manually by tracking the coordinates of 25 migrating 

cells using Motic Plus 2.0 software. Average migration velocity (Vmig ) was 

calculated equation (a) The effective displacement (Dmigeff) due to migration was 

calculated using  equation (b). Additionally, using Image J plugin chemotaxis and 

migration tool (NIH- IBIDI, Bethesda, MD) cellular migration paths were delineated 

and animated by manually tracking 3 cells per group over 25 successional 

coordinates. 

 

 

 

 

 

 

 

(a) Average migration velocity (Vm) 

𝑉𝑉𝑚𝑚 =
∑ �(𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑖𝑖−1)2 + (𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑖𝑖−1)2𝑛𝑛
𝑖𝑖=1

∑ 𝑡𝑡𝑖𝑖𝑛𝑛
𝑖𝑖=1

 

 

(b) Displacement due to migration 

𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚.𝑒𝑒𝑒𝑒𝑒𝑒 = �(𝑥𝑥𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑥𝑥𝑜𝑜)2 + (𝑦𝑦𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑦𝑦𝑜𝑜)2 
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4.1.5 Cell morphology  

Images of cells were taken at 10X magnification to evaluate circularity at day 7 and 

14. Perimeter and area measurements were calculated utilizing ImageJ software. 

Circularity was evaluated using formula below (c).   

 

 

A is the approximate area of the cell and P is the perimeter of the cell. Circularity 

is described as a measurement that ranges between 0 and 1, where 0 < C ≤ 1 (In 

an elongated shape C → 0 and in a circle C →1). 

4.1.6 Immunohistochemistry 

Cells were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 

in PBS and stained for endothelial cell markers and cytoskeleton structure. Primary 

antibodies utilized were: anti-von Willenbrand Factor (Sigma) and anti- vascular 

endothelial cadherin (Chemicon). Subsequently cells were viewed using a Motic 

AE 20/21 microscope equipped with Motic Plus 2.0 software. Fluorescence 

intensity was determined by using ImageJ (NIH, Bethesda, MD). Photos were 

converted to grey scale and in each picture five representative vessels were 

selected. The integrated density (product of area and mean grey value) was 

calculated for each selected area. Additionally, the mean average value was 

subtracted from five background intensities per image (mean grey value background). 

The average fluorescence intensity (mean grey value vessels) was calculated 

 (c) Circularity 

𝐶𝐶 =
4𝜋𝜋𝜋𝜋
𝑃𝑃2
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(CFCT: integrated fluorescence density) whereby the total vessel area multiplied 

with mean grey value background was subtracted from the average fluorescence 

intensity and summarized as the corrected total cell fluorescence. 

4.2 Results and Discussion 

In this study, we evaluated if the co-adminstration of VEGF gradients and SDF-1α 

in combination with aligned nanofibrous scaffolds influenced EPC behavior and 

their angiogenic potential. Results demonstrated EPC behavior (adhesion, 

proliferation and migration) was highly dependent on the co-delivery of VEGF 

gradients and SDF-1α. After a 14 day period, average circularity showed EPCs 

cultured with VEGF gradients and SDF-1α had increased alignment and 

elongation (0.28 ± 0.012) compared to cells incubated with a single cytokine 

(VEGF or SDF-1α) and to the control (p<0.05) (Figure 4.2). There was no statistical 

significance when comparing single cytokine delivery, the average circularity for 

EPCs cultured on VEGF gradients was of 0.36 ± 0.11 and of 0.33 ± 0.07 when 

cultured with SDF-1α.  

Furthermore, the over a 24 hour period the rate of cell migration of EPCs was 

significantly higher (0.49 ± 0.083 µm/min) when VEGF gradients and SDF-1α were 

co-delivered (p<0.05) (Figure 4.3). There were no significant differences in cell 

migration when EPCs were incubated with a single growth factor. The average 

velocity of EPCs cultured on VEGF gradients was 0.43 ± 0.08 µm/min, while for 

EPCs supplemented with SDF-1 only it was estimated at 0.46 ± 0.069 µm/min. 
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This migratory behavior was not constant in all groups over the 24 hour period. 

Initially, at 8 hours there was a velocity peak in all groups, this was particularly 

evident in EPCs treated with SDF-1α only (0.53 ± 0.07 µm/min) (p<0.05). However, 

this rate was not maintained; after 24 hours, migration velocity in SDF-1α treated 

groups decreased significantly (0.42 ± 0.06 µm/min) compared to groups cultured 

with VEGF gradients (alone or in combination with SDF-1α).  

Results of effective displacement evaluation (Figure 4.4) demonstrated EPCs 

travelled further when VEGF gradient was delivered alone or co-delivered with 

SDF-1α (2135 ± 118 µm) (p<0.05). The effective migration distance was of 1727 

± 132 µm when EPCs were incubated on VEGF gradients and 1947 ± 134 µm 
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Figure 4.2: EPC response to the co-administration of VEGF gradients and 
SDF-1α (Circularity) EPCs cultured with VEGF and SDF-1α had reduced 
circularity compared to cells incubated with a single cytokine (VEGF or SDF-
1α) (*p<0.05). There were no significant differences in groups incubated with a 
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when cells were supplemented with SDF-1α. As mentioned in chapter 3, these 

results could indicate EPCs migrate in a linear fashion when seeded on aligned 

substrates, however cellular migration path tracking demonstrated cells in all 

groups migrated based on random walk (Figure 4.5).  Results show the angle of 

cell path dispersion is smaller (12 °) when VEGF gradients and SDF-1α are co-

administered (Figure 4.5 C) compared to single cytokine delivery (Figure 4.5 A and 

B). Briefly, the random walk dispersion angle of was of 15° when EPCs were 

seeded on VEGF gradients and of 20° when supplemented with SDF-1α. 

In all groups, cell proliferation rate and cell density (Figures 4.6 and 4.7) were a 

function of co-administration of VEGF gradients and SDF-1α. After a 14 days of 

incubation, the number of EPCs that migrated towards the right side of the scaffold 

was higher in groups treated with VEGF gradients and SDF-1α (407 ± 28 

cells/mm2) compared to cells incubated with a single cytokine (VEGF or SDF-1α) 

and to the control (p<0.05) (Figure 4.6). 
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Figure 4.3: Migration velocity as a function of the co-delivery of VEGF 
gradients and SDF-1α. Cell migration velocity was found to be to be higher 
when VEGF and SDF-1α was co-administered compared to single cytokine 
delivery (*p<0.05). Migration velocity was not constant in all groups over a 24 
hour period, migration velocity of EPCs treated with SDF-1α only increased 
significantly after 8 hours (*p<0.05) compared to the other groups. After 16 hours 
migration velocity of SDF-1α supplemented groups decreased significantly 

      

 

 

 

Figure 4.4: Effective displacement as a function of the co-delivery of VEGF 
gradients and SDF-1α. EPC migration distance was found to be to be higher 
when VEGF gradient was delivered alone and when VEGF gradient was co-
delivered with SDF-1α (*p<0.05). The increase in effective displacement was 
similar in all groups. After 16 hours there was a 1.9 fold increase and after 24 
hours the fold increase was of 1.5. 
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Figure 4.5: Cellular migration paths as a function of co-administration of 
VEGF gradients and SDF-1α. EPC migration distance was found to be to be 
higher when VEGF and SDF-1α was co-administered compared to single 
cytokine delivery (*p<0.05), despite cell movement was in a random walk 
fashion. Yellow lines show the angle of cellular path dispersion of each group-- 
(A) VEGF gradient only -- 15° (B) SDF-1α only -- 20° and (C) VEGF gradient 
and SDF-1α --12 °. 
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There was no statistical significance when comparing single cytokine delivery, the 

average number of EPCs per mm2 was of  298 ± 13.4 cells/mm2 when cultured on 

VEGF gradients only and of 326 ± 37 cells/mm2 when supplemented with SDF-1α 

only. Cell proliferation rates (Figure 4.7) of EPCs were increased in all groups 

compared to the control (Bare scaffold) (p<0.05). EPC proliferation rates were not 

significantly different among groups treated with cytokines.  
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Figure 4.6: Cell density as a function of co-delivery of VEGF gradients and 
SDF-1α. The number of EPCs that migrated towards the right side of the scaffold 
was higher in groups treated with VEGF gradients and SDF-1α  compared to cells 
incubated with a single cytokine (VEGF or SDF-1α) (*p<0.05). 
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Tubular growth was apparent among all groups evaluated (Figure 4.8). At day 7 

tubules began to elongate and align themselves parallel to the nanofibers, 

however, at day 14 groups incubated with VEGF gradients alone (550 ± 84 µm) or 

combined with SDF-1α (589 ± 94 µm) had increased elongation compared to 

groups treated with SDF-1α alone (522 ± 55 µm). Average number of tubules per 

unit area was significantly increased in groups treated with VEGF gradients alone 

(7.3 ± 1.9 vessels/mm2) or combined with SDF-1α (8.0 ± 1.6 vessels/mm2) 

compared to groups treated with SDF-1α alone (7.3 ± 1.9 

vessels/mm2).Immunohistochemistry showed vWF expression was similar among 
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Figure 4.7: EPC proliferation as a function of co-administration of VEGF 
gradients and SDF-1α.  EPC proliferation was reduced when incubated without 
cytokine supplementation (p>*0.05). Proliferation rates were not statistically 
significant among groups treated with cytokines (single or co-delivered) 
(*p<0.05). 
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all groups. Conversely, VE-Cadherin expression was higher when VEGF gradient 

was delivered alone and when VEGF gradient was co-delivered with SDF-1α 

(*p<0.05). (Figure 4.9).  
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Figure 4.8: Tubular formation as a function of co-administration of VEGF 
gradients and SDF-1α. Tubular development was similar in all groups. At day 
14 significant differences in elongation were observed in groups incubated with 
VEGF gradients alone and with VEGF gradients co-delivered with SDF-1α 
compared to these cultured with SDF-1α alone (A) (*p<0.05). Tubule number 
per unit area was significant in groups treated with VEGF gradients alone and 
with VEGF gradients co-delivered with SDF-1α compared to groups cultured 
with SDF-1α alone (B). Images show examples of tubules in each group (C) 
SDF-1α (D) VEGF gradient (E) VEGF gradients and SDF-1α. Bar = 20µm. 
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Figure 4.9: EPC and HUVEC immunohistochemistry evaluating expression 
of von Willebrand factor and VE-Cadherin as a function of VEGF gradients 
and scaffold topography. Tubular formation was observed only in cells cultured 
on aligned fiber scaffolds. The level of vWF (A) and VE-Cadherin (B) expression 
was found to be similar in tubules developed from HUVECs and EPCs at day 14. 
Corrected total cell fluorescence (CTCF) shows tubules are positive for vWF and 
VECadherin staining in both groups. There were no significant differences in 
staining intensity when comparing groups. CTCF is expressed and percentage of 
protein expression per group. 
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The co-delivery of SDF-1α and VEGF gradients immobilized on nanofibrous 

scaffolds were investigated for their effects on EPC behavior and angiogenic 

potential. Because angiogenic growth factors are the main driving force of 

neoangiogenisis, tuning and directing these cytokines have become critically 

important [17,101,127,128]. Among these different cytokines, VEGF, which 

regulates the migration, survival, proliferation, and differentiation of EPCs 

[28,29,129,130] plays a key role in new blood vessel formation [44,47,68,101,130]. 

Additionally, SDF-1α further increases EPC mobilization and stimulates 

angiogenesis [122,126,131]. Current applications have focused on the delivery of 

a single growth factor [121,122]; however, blood vessel development requires a 

finely tuned interplay between multiple signaling cues. This has lead studies to 

evaluate the synergistic effect of co-delivering two or more growth factors on 

vascular regeneration. The use of VEGF in combination with different cytokines, 

especially SDF-1α has been shown to have potent chemotactic effects on EPCs 

[106], not only by orchestrating migratory responses, but also play a significant role 

in trafficking. 

 
This study focused on the effects of SDF-1α and VEGF gradients immobilized onto 

gelatin nanofibrous scaffolds on EPC proliferation, migration, displacement, 

alignment and tubular formation. Results demonstrated that the co-delivery of 

SDF-1α and VEGF gradients significantly influenced cell behavior and tubular 

formation over a period of 14 days. The observed cellular response of EPCs was 

found to be is in agreement with previous studies [116,119,124]. We found EPCs 

responded to the co-admistration of VEGF and SDF-1α through elongation and 

 
 



92 
 

organization parallel to the nanofibers, increase in cell densities, enhanced 

migration and tubular formation. Conversely, cells cultured with a single cytokine 

(VEGF or SDF-1α) exhibited a rounded morphology, lower cell densities and 

reduced migration.  This difference in cellular response could be a result of the 

additive effect SDF-1 has on VEGF. Studies have found that EPCs after being 

stimulated by SDF-1 secrete more angiogenic factors, especially VEGF 

[17,116,124,131]. This crosstalk between EPCs, SDF-1α and VEGF contribute in 

cell adhesion, migration through vascular basement membranes and 

vasculogenesis. 

Moreover, cells migrated successfully through the aligned fiber scaffolds however, 

cell densities, migration velocities, displacement and tubular length were found to 

be increased when SDF-1α and VEGF gradients were combined. Studies have 

demonstrated migration of endothelial cells is dependent on cytokine type and 

delivery profiles [87,91,104,132]. Kucia et al found that due to their synergistic and 

additive effect, SDF-1α and VEGF yield to higher EPC migration and homing in 

areas where both cytokines are being delivered [122,126]. This EPC response 

towards VEGF gradients and SDF-1α delivery in combination with aligned fiber 

scaffolds could have led to an increase in cell migration velocities, thus enhancing 

cell-cell interactions, increasing cell densities and effective displacement. As 

mentioned in chapter 3, cell migration is described as a persistent random-walk 

and it is characterized by how cells tend to move linearly before changing direction. 

When groups were cultured either with VEGF gradients alone or with SDF-1α and 

VEGF gradients, directional persistence was high leading to increased cell-cell 
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interactions. VE-Cadherin (CD144) staining further confirmed the increase in cell-

cell interactions in all groups. Studies have shown positive VE-Cadherin staining 

can be correlated to the presence of cell-cell junctions. VE- Cadherin is an 

adhesion molecule that helps maintain and control endothelial cell contacts, in 

addition to modulating VEGF functions [100,133,134]. This could explain why there 

was enhanced formation of tube-like structures along the fibers. Conclusively, an 

increase in migration velocity of EPCs as a result of the co-delivery of SDF-1α and 

VEGF gradients yielded in higher cell densities and cellular elongation, which lead 

to higher cell-cell interactions and contact guidance.  

 
4.3 Conclusions 

In this study, EPC was influenced by the co-delivery of SDF-1α and VEGF 

gradients. Cells cultured with SDF-1α and VEGF gradients displayed significant 

differences in cell migration velocities, displacement and morphology compared to 

cells incubated with a single cytokine.  These results suggest the combinatory 

effect of electrospun aligned fiber scaffolds, SDF-1α, VEGF gradients and EPCs 

could be utilized to direct neoangiogenesis and vascular patterning. 

 

 

 

 

 

 

 

 
 



 
 

CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

In this study, we described a novel electrospinning approach to fabricate VEGF-

loaded nanofibrous scaffolds with patterned fiber architecture and assessed their 

ability to direct cellular behavior.  Electrospun gelatin scaffolds with variable fiber 

orientation, dimensions and rate of degradation were produced by controlling the 

fabrication parameters (i.e. needle-to-collector distance, electric field, electrode 

polarity, glutaraldehyde crosslinking, etc.). To determine the angiogenic potential 

of the nanofibrous scaffolds we evaluated parameters such as cell proliferation, 

migration velocity, effective displacement, etc. Results from this assessment 

helped us define the proper balance between physical (i.e. electrospun scaffold 

fiber architecture) and chemical (i.e. VEGF) cues in order to achieve optimum EPC 

or HUVEC attachment, proliferation and migration within electrospun scaffolds.  

Results demonstrated, HUVEC and EPC behavior was influenced by 

nanotopographical changes and VEGF gradients. Cells cultured on aligned fiber 

scaffolds in combination with VEGF gradients displayed significant changes and 

differences in proliferation, cell displacement and morphology compared to cells 

seeded on random fiber constructs. Furthermore, we found EPCs seeded on 

aligned fibers constructs modified with VEGF gradients displayed longer tubules, 

higher migration velocities and increased elongation on compared to HUVECs. 

Although results from the previous study were promising we decided to evaluate if 

the combination of EPCs seeded on aligned nanofibrous scaffolds and the co-

adminitsration of VEGF gradients and SDF-1α would provide the necessary cues 

to entice EPC attachment, proliferation and migration within nanofibrous scaffolds 

and promote vessel development and directionality. Studies have shown several 
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cytokines work in conjunction to entice neovascularization, VEGF and SDF-1α 

have been found to be key mediators of interactions between angiogenic growth 

factors and chemokine-induced angiogenesis. There is extensive evidence that 

demonstrates SDF-1α upregulates VEGF synthesis during angiogenic processes 

[116,124,126], thus regulating migration, survival, proliferation, and differentiation 

of endothelial cells. Results demonstrated EPCs were influenced by the co-

delivery of SDF-1α and VEGF gradients. Cells cultured with SDF-1α and VEGF 

gradients displayed significant differences in cell migration velocities, 

displacement and morphology compared to cells incubated with a single cytokine.   

These results suggest the combinatory effect of electrospun aligned fiber scaffolds, 

VEGF gradients, SDF-1α and EPCs could be a potential tissue engineering 

approach to direct vascular patterning. This is particularly important since the 

formation of new vessels in response to pro-angiogenic growth factor stimulation 

or matrix rearrangement is associated with the activation of quiescent endothelial 

cells which in part involves changes in cell morphology (i.e. elongation) and the 

formation of new contacts with the underlying substrate [39]. To further understand 

this synergistic effect between aligned nanofibrous scaffold, VEGF gradients, 

SDF-1α and EPCs in vivo evaluations were initially planned, however, we were not 

able to complete animal studies because of funding issues. 

This study can be further expanded by varying the different parameters utilized 

and evaluating them as a function of angiogenic development. For example, 

different VEGF and SDF-1α patterns can be immobilized on the nanofibrous 
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scaffolds, cytokine immobilization methods (physical or covalent) can be tailored 

to finely tuned biomolecule release and growth factor concentration can be 

increased or decreased. This could provide us with additional understanding 

angiogenic processes and help us develop tailored approaches for specific 

pathophysiologies. 
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Appendix I 

 

Stage Incubator Protocol 

The last review of this protocol was performed on: 11/13/2012 by Miguel 
Quevedo and Ximena Vial 

General Guidelines:  

A. System setup: 
 

1. Before anyting read the entire protocol and aquire permission from the 
graduate student that you have been working with. 

2. When planning to use the stage incubator the first thing that should be 
done is to sign up online in the calendar (google calendar- When you start 
a project that requiers the use of the stage incubator you will be granted 
access).  

3. Come in to the lab at your assigned time and prepare the experiment that 
is going to be put in the incubator. 

4. Be CAREFUL with each component of the incubator…Parts are very 
delicate and expensive…Remember that you are not the only person 
utlizing the system. If you do not take care of the stage incubator and 
damage it you may affect not only your work nut the work of others. 
Failure to take care of the system wirl result in loss of privilages. 

5. Make sure you have the following units as well as the CO2 tank, O2 tank, 
with their safety valves and pressure gauges  (if something is missing 
immediately notify Ximena Vial or the graduate student that you have 
been working with so that the parts may be ordered):  
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6. Connect the tubes and cables in the following manner: 
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7. If your experiment requires control of gas conditions at specific 
parameters please read the following: 
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Open the gas valves about 15 minutes before inserting the specimen in 
the Micro Environmental 

Chamber. 
 

Two Flow Meters: 

 
 

Three Flow Meters: 
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8. Ask about the last time the stage incubator was calibrated for temperature 
control and read the following:  

The Okolab electrical stage incubation chamber is heated by miniaturized DC 
electrical resistances at low voltage (24V). The specimen, contained in plastic or 
glass support for cells culture, is maintained at 37.0°C thanks to a constant metal 
warming up ensured by controllers designed. To ensure a specimen temperature 
of 37.0°C both lid and base are maintained at a temperature that depends on the 
ambient temperature and the cells culture support used (Multi-well plate ore Petri 
dish). The chamber control temperature can work in two different modalities: 

a) Chamber temperature feedback: 
In this configuration, the thermocouple reads the temperature of the incubating 
chamber. A careful calibration performed in our laboratories guarantees that 
specimen temperature is maintained at the desired value. The advantage of this 
solution is that the thermocouple is not visible since it is embedded into the 
chamber. 
b) Specimen temperature feedback: 
In this configuration, the thermocouple is a thin flexible green wire that reads the 
temperature of a reference well placed in the incubating chamber, very close to 
the specimen. The advantage of this configuration is in the accuracy of the 
temperature control. Simple manipulation is required to stick the thermocouple 
into the reference well with some adhesive tape. 
 
Calibration: 
The calibration was performed, the first time, in the Okolab lab. The calibration 
document shows the ‘calibration offset values’ (red) for every controller (see 
Figure 18). 
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Once two years, it is suitable to perform the calibration. Use the fine 
thermocouple sensor provided by Okolab, connected to T1 thermocouple 
connectors as sensor. Use an accurate thermostatic water bath, set to 37°C , as 
reference temperature. 
 

• Set the Offset temperature to 0. 
• Please, disconnect the cables. 
• Insert the fine thermocouple sensor (this calibration sensor can be 

provided by Okolab) into T1 connector 
• Put the free end of the fine calibration sensor in the water bath (in steady 

state and set at 37.0°C).  
• Please, fix the thermocouple to a support in order to maintain a constant 

position of the sensor in the warm water. 
• Wait about 30 min to reach a stable temperature 
• Register the temperature difference between the water bath temperature 

(37.0°C) and the displayed “Temperature 1”. 
• Calibration Offset 1 (@ T=37.0°C) = (T(water bath set to T=37.0°C) – 

Temperature 1) for Temperature 1 > T (water bath) 
or 
Calibration Offset 1 (@ T=37.0°C) = - (T(water bath set to T=37.0°C) + 
Temperature 1) for Temperature 1< T (water bath) 

• Repeat the sequence for 30°C, 35°C, 40°C 
• Calibration Offset 1 AVG = Average (Calibration offset 1 ((@ 

T=37.0°C),(@ T=30.0°C), (@ T=35.0°C), (@ T=40.0°C)) 
• Insert this calibration value as COSTANT offset (PV BIAS) to add (or 

subtract) in ‘Temperature 1’ PID.  
• Please, after meter calibration, compare the temperature difference 

between the water bath set point temperature (37.0°C) and the displayed 
temperature 1. 

• Substitute the new calibration value to the offset 1 AVG (then offset 2 
AVG) reported in the Calibration document 

• Repeat for T2, H.M. and alarm controller 
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In this configuration, the thermocouple reads the temperature of the incubating 
chamber. If ambient temperature differs from 23°C more than 2°C or the support 
plate changes, consider to modify the parameters of the controllers T1 and T2 
(‘Secondary Offset’), in order to have the specimen at the correct temperature. 
Notice that the parameters for the Humidifying Module heater (PID H.M.) are 
constant. The calibration has been performed in the Okolab lab. 
Notice the factory parameters depend on the plate adapter you order. 
The default values are optimized for TAmbient 23.0 ± 1.0°C and active Humidifying 
Module heater. Anyway, the controllers PID T1 and PID T2 parameters do not 
depend on Humidifying Module presence. 
 
‘Secondary offset’ values are calculated with the following targets: 
1. Specimen temperature 37 ± 0.3 °C 
2. Avoid condensation on the lid glass 
3. Improve the gas stream humidity level 
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In case you use ‘Specimen temperature feedback’ configuration, you need to 
insert the following set of parameters in the controllers. Remember the 
controllers parameters depend on cells culture support. 
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B. MICROSCOPE SETUP: 

 
1. Our lab has a Motic inverted microscope equipped with epi-fluorescence. 

It is placed next to the stage incubator components and to the computer 
you will be utilizing to capture images and for time-lapse video. The 
microscope has several objectives (4x, 10x, 20x and 40x). 

 
 

 
 
 
 

 
 
 
 

2. Once you have the stage incubator system connected place the incubator 
chamber on the stage of the microscope. Once you have the chamber in 
place your sample inside and close the top lid (Be careful with the screw 
that keeps the lid in place). Make sure you sample is aligned with the 
objective you are going to utilize.  

3. Switch on your microscope's light source (if you are going to utilize 
fluorescence you will have to turn on the power supply and not the light 
switch- below is a diagram of the power supply) and then adjust the 
diaphragm to the largest hole diameter, allowing the greatest amount of 
light through.  

Light source epi-
fluorescence 
attachment 

Objectives 

Epi-fluorescence 
attachment 

Light switch on 
(This is only for 

light microscopy 
not fluorescence) 

Focusing knobs 
Light 

intensity 
wheel 

Light protective 
shield 

Power supply 
unit 

Stage 
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To turn on the lamp for fluorescence microscopy: 
• Set the power supply switch to “I” 
• Press the ignition button on the power supply unit for 5-10 seconds 
• The power lamp/ ready lamp will light up to indicate that the power is 

turned on 
• The power lamp/ ready lamp indicator lamp will start flashing briefly to 

indicate that the lamp is stabilized 
• Press the rest pad below the run time counter on the power supply 
• The “run time” counter displays the elapsed time 

 
 

4. Rotate the nosepiece to the lowest-power objective 4x. It is easiest to 
scan a sample at a low setting, since you have a wider field of view at low 
power. 

5. Adjust the large coarse focus knob until the specimen is in focus. Slowly 
move the sample to center the specimen under the lens, if necessary. Do 
this by nudging the chamber gently with your fingers. 

6. Adjust the small fine focus knob until the specimen is clearly in focus. 
Then adjust the diaphragm to get the best lighting. Start with the most light 
and gradually lessen it until the specimen image has clear, sharp contrast. 

Power lamp/ ready lamp 
indicator 

Run time indicator 

Counter reset pad 

Igniter button 

Power switch 
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7. Rotate the nosepiece to the 10x objective. Refocus and view your 
specimen carefully. Adjust the lighting again until the image is most clear 
(you will need more light for higher power). Repeat this process if you 
want to utilize a higher magnification. 

8. Once your sample is situated and focused turn on the stage incubator 
system. 

9. Turn on the computer and open MoticPlus 2.0 program. The manual for 
the program is attached to this document. Set the parameters necessary 
for imaging project (i.e. exposure, timelines, brightness, contrast, etc.) 

10. Let you experiment run…once the experiment is done make sure to turn 
EVERYTHING off, clean each component and place it where it belongs. 
Cover the microscope.  
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