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ABSTRACT 

 Amniotic Fluid-Derived Stem Cells as a Source of In Situ 

Vascularization within Injectable Fibrin/Poly(Ethylene 

Glycol) Hydrogels 

by 

Omar M. Benavides 

One of the greatest challenges in regenerative medicine is providing a 

significant source of vascularization within engineered biomaterials; as a result, 

most advancements in the field of tissue engineering have been limited to thin, 

avascular organs. Successful vascularization requires both a scaffold that supports 

vessel formation and a reliable source of vascular cell types. Broad potential for 

differentiation, high proliferation rates, and autologous availability for neonatal 

applications make amniotic fluid-derived stem cells (AFSC) well suited for 

regenerative medicine strategies. We utilized chemical-mediated differentiation of 

AFSC into endothelial-like cells (AFSC-EC), which expressed key proteins and 

functional phenotypes associated with endothelial cells. Fibrin-based hydrogels 

were shown to stimulate AFSC-derived network formation in vitro but were limited 

by rapid degradation. Incorporation of poly(ethylene glycol) (PEG) into the hydrogel 

provided mechanical stability while retaining key benefits of fibrin-based scaffolds – 

quick polymerization, high biocompatibility, and vasculogenic stimulation. AFSC-EC 

as a vascular cell source and AFSC as a perivascular cell source were compared to 

established sources of these cell types – human umbilical vein endothelial cells 



 
 

(HUVEC) and mesenchymal stem cells (MSC), respectively. In vitro, cell-seeded 

hydrogels were assessed based on network formation, including parameters such as 

vessel thickness, length, and area. The development of robust vessels required the 

presence of both an endothelial and a perivascular cell source and was seen in AFSC 

co-cultures. Additionally, the co-culture of AFSC with AFSC-EC resulted in a 

synergistic effect on network parameters similar to MSC. Based on this data, we 

hypothesized that subcutaneously injecting similar hydrogels in immunodeficient 

mice would both induce a fibrin-driven angiogenic host response and promote in 

situ AFSC-derived neovascularization. Two weeks post-injection, AFSC-seeded 

hydrogels demonstrated significantly higher vascular lumen formation versus those 

without cells or those seeded with endothelial cells alone; a subset of these lumen 

were characterized by the presence of red blood cells, suggesting anastamosis with 

host vasculature. In support of the Pediatric Cardiovascular Bioengineering Lab’s 

global vision, this research demonstrates that AFSC-seeded fibrin/PEG hydrogels 

have the potential to serve as a vascularized platform for the development of an 

engineered cardiac patch to be used in autologous repair of congenital heart defects.  
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Chapter 1 

Introduction and Objectives 

A major limitation in regenerative medicine strategies is the inability to 

provide cells with a significant source of oxygen, nutrient, and waste transport. Both 

natural and engineered tissues more than approximately 200μm thick require 

suitable vascular support to maintain viability and function. Although growth of 

host vessels into implanted scaffolds has been achieved through controlled release 

of angiogenic factors, this strategy requires days to produce mature vessels. Further, 

host-derived vessel formation may be compromised by prevalent conditions that 

reduce angiogenesis, such as diabetes and radiation therapy. Providing scaffolds 

with exogenous vascular cells before implantation may increase both the speed and 

extent of vascularization within engineered tissues. Before this approach can be 

successful, it will be critical to develop a reliable method to generate sufficient 

endothelial and perivascular cells, as well as design a scaffold capable of supporting 

vascularization.  
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1.1. Project Overview 

The overall objective of this research is to investigate the vasculogenic 

potential of amniotic fluid-derived stem cells within a fibrin/poly(ethylene glycol) 

(PEG) matrix. The global vision of this research is to engineer a vascularized 

construct that can be used as a platform for a broad range of regenerative medicine 

applications. More specifically, the work done by Dr. Jeffrey Jacot and the Pediatric 

Cardiovascular Bioengineering Lab at Texas Children’s Hospital focuses on 

developing a cellularized cardiac patch that is autologous, contractile, and actively 

conductive. The potential applications of such a patch range from repair of 

congenital heart defects to replacing or supplementing scar tissue post-myocardial 

infarction. This research serves to help design a vascular scaffold capable of 

supporting the high metabolic demand of culturing cardiomyocytes in three-

dimensional engineered tissue. 

We hypothesized that 1) a population of stem cells derived from amniotic 

fluid can be differentiated into functional endothelial-like cells (AFSC-EC) using 

vascular endothelial growth factor (VEGF) as the primary mediating factor, 2) AFSC-

EC co-cultured with AFSC, acting as a perivascular cells source, will respond to 

biophysical cues in a fibrin/PEG matrix to form tubular networks in vitro, and 3) 

subcutaneously injecting AFSC-seeded fibrin/PEG hydrogels in immunodeficient 

mice would both induce a fibrin-driven angiogenic response and promote AFSC-

derived neovascularization. To test these hypotheses, the following specific aims 

were proposed: 
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1.2. Specific Aim 1 

Chemical-mediated differentiation of amniotic fluid-derived 

stem cells in to endothelial-like cells 

This aim was motivated by research presented in the literature that suggests 

AFSC have the potential for differentiation in to endothelial-like cells. Several 

subpopulations of AFSC have been reported to be multipotent, with those 

expressing mast/stem cell growth factor receptor (c-kit) having repeatedly been 

shown to have vasculogenic potential. This immunoselection method is effective at 

deriving stem-like cells from the initial heterogeneous population of amniotic fluid. 

The molecular mechanisms responsible for vasculogenesis and angiogenesis are not 

fully understood, but the importance of the VEGF signaling pathway for both 

processes is evident. VEGF is often used as the primary stimulus for endothelial 

differentiation of stem cells in vitro because of its high effectiveness and the 

feasibility of chemical-mediated differentiation. Endothelial differentiation of cells 

was assessed by immunofluorescence, Western blotting, and flow cytometry for 

protein expression; bright field microscopy for morphology; and individual assays 

for evaluation of specific functional phenotypes associated with endothelial cells. 
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1.3. Specific Aim 2  

Assessment of vasculogenic potential of AFSC within a 

fibrin/poly(ethylene glycol) construct in vitro  

The engineering of robust vascular structures requires both an endothelial 

cell source and a support cell source, such as dermal fibroblasts, marrow stromal 

cells, or pericytes, which increases cell survival and proliferation. AFSC isolated and 

differentiated in our lab through Specific Aim 1 express key endothelial molecular 

markers, along with functional phenotypes associated with endothelial cells. Most 

pertinent to this aim, we had shown AFSC-EC form networks when plated on top of 

Matrigel in vitro, which suggested the potential for three-dimensional 

vasculogenesis in thicker constructs. Multiple publications have shown that 

mesenchymal stem cells, when implanted along with endothelial cells, can provide 

the necessary support cells required for functional vessel formation. Because AFSC 

have a similar morphology, surface marker expression patterns, and multipotency 

compared to mesenchymal stem cells, this suggested their potential for use as a 

perivascular cell source.  

Fibrin-based hydrogels stimulate vascularization and are used in clinical 

applications such as growth factor delivery and cell encapsulation, making them an 

appropriate platform for assessing the vasculogenic potential of AFSC. The main 

limitation associated with fibrin in tissue engineering is rapid degradation. 

Incorporation of poly(ethylene glycol) (PEG), which is known for biocompatibility 
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and tunable physical properties, allows for increased mechanical stability while 

retaining the key benefits of fibrin-based scaffolds – quick formation, 

biocompatibility, and angiogenic stimulation.  

Based on this data, we hypothesized that a population of stem cells derived 

from human amniotic fluid and differentiated into endothelial cells could form 

cohesive vascular networks within a fibrin/PEG matrix. In Specific Aim 2, we 

compared three-dimensional network formation by AFSC-EC to that of a mature 

endothelial cell source, human umbilical vein endothelial cells, using quantitative 

assessment of morphometric and spatial vessel parameters. 

1.4. Specific Aim 3 

Assessment of in vivo vasculogenic potential of AFSC within 

injectable fibrin/poly(ethylene glycol) hydrogels 

A commonly used method for assessing vessel formation and anastomoses in 

vivo is the plug assay, which involves the subcutaneous injection of cells 

encapsulated within a thermoresponsive hydrogel (Matrigel) and calculating the 

degree of functional blood vessel formation; however, the tumor-derived and 

xenogenic origin of Matrigel make it clinically non-viable.  As an alternative, the 

fibrin/PEG hydrogels examined in Specific Aim 2 provided a platform for cell 

encapsulation that utilized FDA-approved biomaterials in addition to promoting 

biocompatibility, mechanical stability, and vasculogenesis.  
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We hypothesized that subcutaneously injecting AFSC-seeded fibrin/PEG 

hydrogels in immunodeficient mice would both induce a fibrin-driven angiogenic 

response and promote AFSC-derived neovascularization. In Specific Aim 3, we 

evaluated the potential for in situ formation of clinically relevant vasculature by 

assessing the rate of host cell invasion, the degree of cell-lined lumen formation, and 

the co-localization of vascular cell types within AFSC-seeded fibrin/PEG hydrogels. 
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Chapter 2 

Background 

2.1. Vascular Tissue Engineering 

Tissue engineering is an interdisciplinary field that applies the principles of 

engineering and life sciences toward the development of biological substitutes that 

restore, maintain, or improve tissue or whole-organ function.(1) It involves the 

combination of cells, engineering and materials methods, and suitable biophysical 

factors to improve or replace biological functions.  

Over the past few decades, numerous cell sources have been evaluated for 

their vasculogenic potential. Stem cells, defined minimally as cells capable of both 

self-renewal and production of specialized daughter cells, offer the unique 

advantages of having high proliferative and growth potential along with various 

degrees of potency.(2) Human embryonic, mesenchymal, hematopoietic, and 

amniotic fluid-derived stem cells all have the potential for endothelial 
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differentiation.(3-6) While endothelial progenitor cells maintain a degree of 

oligopotency, their reduced proliferative ability makes them a less viable cell 

source.(6)  

Natural and synthetic materials have been investigated for use in vascular 

tissue engineering.(7, 8) The majority of these biomaterials are meant to either 

mimic extracellular matrices or promote degradation and remodeling by host tissue. 

We aim to design a suitable material that not only supports vascularization by both 

seeded and host cells but also matches the mechanical properties of native 

myocardium. 

2.1.1. Cell Sources for Vascular Tissue 

Ideally, cells used in vascular tissue engineering should be autologous, highly 

proliferative, and easy to harvest.(9) Numerous stem and progenitor cell types 

demonstrate the potential to differentiate into vascular cell-like phenotypes, 

particularly those derived from the bone marrow, cord and peripheral blood, and 

adipose tissue.(4-6, 10-12) 

2.1.1.1. Embryonic Stem Cells 

Embryonic stem cells (ESC) are distinguished by their ability to differentiate 

across all three primary germ layers, defined as pluripotency, and their ability to 

replicate indefinitely.(2) Expression of markers unique to pluripotent cells, such as 

CD30, stage specific embryonic antigens 3/4 (SSEA-3/4), and octamer-binding 
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transcription factor 4 (OCT-4), is characteristic of ESC. Additionally, ESC population 

doubling rates are on the order of 1-2 days.(2, 13)  

The first human ESC were created by growing cleavage-stage totipotent 

embryos into blastocysts and then removing the inner cell mass.(13, 14) The 

embryos from which these ESC were derived were produced by in vitro fertilization 

and donation from patients. An alternative method of generating ESC is the transfer 

of a somatic cell nucleus from an individual into an enucleated oocyte. These cells 

are then allowed to undergo embryonic development to the blastocyst stage prior to 

isolation of the inner cell mass. ESC generated in this method would be genetically 

matched to the tissues of the donor of the nucleus. Ethical concerns based on these 

methods of creation, reduced funding sources, and tumorigenesis make ESC a less 

viable clinical solution. 

ESC differentiation protocols have generally used a combination of two-

dimensional cultures and embryoid bodies (EB).(15) Culture of ESC on an embryo 

fibroblasts layer in serum-free media allows for expansion of ESC without 

differentiation. ESC are then aggregated to form EB, a common method of which is 

the hanging drop protocol. Even without external factors, ESC in EB differentiate 

regionally and produce a wide spectrum of cell types, which is attributed to the EB's 

ability to mimic the temporal pattern of cell differentiation seen in embryogenesis. 

Protocols for differentiation of ESC into endothelial cells are based on many 

biophysical cues. When EB are maintained without additional stimuli, 

approximately 2% of ESC spontaneously differentiation into endothelial cells.(15) 
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The use of growth factors, such as VEGF and basic fibroblast growth factor (bFGF), 

to chemically-induced endothelial differentiation of ESC is well characterized.(16-

18) In a review of multiple differentiation methods, VEGF treatment of EB resulted 

in the highest expression of the endothelial cell-surface markers platelet endothelial 

cell adhesion molecule (PECAM1/CD31) and vascular endothelial (VE) cadherin 

without inducing any detectable levels of hematopoietic cells, as determined by 

CD45 staining.(19) VEGF is a well-established mitogen, survival factor, and 

differentiation factor for endothelial cells.(20) VEGF treatment of ESC for 14 days at 

50 ng/mL results in nearly a 5-fold increase in the number of differentiating 

endothelial cells.(19) Shear force has also been shown to induce endothelial 

differentiation of ESC, as well as increase proliferation, VEGFR2 expression, 

capillary tube formation, and nitric oxide production post-differentiation.(21, 22) 

2.1.1.2. Mesenchymal Stem Cells 

Mesenchymal stem cells (MSC) were first identified in 1966 and have since 

been shown to have wide applicability to the field of tissue engineering.(23) MSC 

are not defined by a single unique marker but rather a collection of cell surface 

markers. The expression of CD29, CD44, CD71, CD90, CD106, CD120a, CD124, 

CD166 with the presence of integrins α1, α5, and β1 suggest an MSC phenotype.(24-

27) Because many of these individual markers are also present on adult cells, there 

must also be the absence of markers associated with specific mature cells types, 

such as CD31/34 for endothelial cells and CD11a/45 for hematopoietic cells, to be 
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classified as a true MSC.(26, 27) MSC are morphologically defined as fibroblastic and 

spindle shaped in appearance.(24) 

Protocols for isolation of MSC can divide into either marrow-derived or non-

marrow-derived sources. MSC are present in bone marrow at a frequency between 

0.01% and 0.0001% of nucleated cells(24) and can be isolated by aspiration of the 

iliac crest followed by adhesion-based sorting (26, 28, 29). Alternative isolation 

techniques have also been examined. For example, MSC have been isolated from 

peripheral blood following pretreatment with cytokines that induce cells to be 

released from the bone marrow, but the efficiency of these methods tends to be 

much lower.(30) MSC have been shown to have the ability to differentiate into 

numerous cell types including bone, cartilage, muscle, tendon, fat, endothelial tissue, 

and hematopoietic supporting stroma.(26, 29, 31, 32) 

The ability of MSC to differentiate into endothelial cells was initially 

suggested after using MSC for cellular cardiomyoplasty resulted in the presence of 

an endothelial-like phenotype.(33, 34) Briefly, direct injection of MSC at the site of 

myocardial infarction resulted in enhanced vascular density and improve heart 

function in rat models. It was later shown that MSC positive for CD105, CD73, 

CD166, CD90, and CD44 and negative for endothelial and hematopoietic markers 

showed the potential to differentiate along osteogenic, adipocytic, and endothelial 

cell lines given the correct culture conditions.(10) When comparing methods of 

endothelial differentiation, MSC display a similar response to biophysical stimulus 

as ESC. Both shear stress and chemical cues such as VEGF and bFGF promote 
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differentiation towards an endothelial phenotype. The most time and cost efficient 

endothelial differentiation protocol reported has been culture with VEGF at a 

concentration of 50 ng/mL over a 2 week period.(10) 

Human adult bone marrow is the most common source of mesenchymal stem 

cells for use in regenerative medicine purposes; however, the frequency and 

potential of cells derived from this population decreases with donor age, viral 

infection, and morbidity, potentially limiting their use in certain patient 

populations.(35, 36) 

2.1.1.3. Hematopoietic Stem Cells 

Hematopoietic stem cells (HSC), similar to MSC, can be found in bone marrow 

and peripheral blood following cytokine treatment and have shown the ability to 

differentiate along a vascular lineage.(37, 38) HSC are a heterogeneous population 

and can be divided into three classes of cells, which are distinguished by their ratio 

of lymphoid to myeloid progeny (L/M) in blood. Lymphoid progeny refers to 

lymphocytes, while myeloid progeny refers to neutrophiles, basophiles or 

eosinophiles. Myeloid-biased HSC have low L/M ratio (0 < L/M < 3), lymphoid-

biased HSC show a large ratio (L/M > 10), and the remaining HSC population has a 

balanced ratio (3 ≤ L/M ≤ 10). The specific characteristics of each class is still being 

investigated, but preliminary results show that only myeoloid-biased and -balance 

HSC have durable self-renewal properties.(39) Additionally, the presence of CD34, 

once thought to be common on all HSC, has been the focus of many recent 

studies.(40) A consensus on the exact definition of each population has not been 
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reached, but it has been shown that a subset of CD34- cells in bone marrow 

represent a unique, highly HSC-enriched population of cells that can be 

differentiated into endothelial cells.(37, 39)  

Though CD133 and VEGFR2 have been proposed as markers of HSC,(41, 42) 

this population represents a population of endothelial progenitor cells (EPC).(43) 

EPC share a number of markers with endothelial cells and represent a more mature, 

oligopotent population than HSC.(44) EPC can be easily isolated from peripheral 

and cord blood using magnetic beads coated with antibodies; however, they lack the 

ability to replicate indefinitely making them a less viable cell source.(43, 45)  

Similar to MSC, HSC have the capacity for endothelial differentiation.(46) 

VEGF has been shown to be essential for progression of HSC down an endothelial 

lineage. Enhanced speed and efficiency of differentiation has been shown in multiple 

studies by supplementing VEGF with a combination of either bFGF, insulin-like 

growth factor type 1, epidermal growth factor, or stem cell growth factor.(43, 47, 

48) 

2.1.1.4. Amniotic Fluid-Derived Stem Cells 

2.1.1.4.1. Amniotic Fluid 

Amniotic fluid (AF) originates from the maternal plasma and passes through 

the fetal membranes by osmotic and hydrostatic forces.(49) Though initially 

composed mainly of electrolytes, by the 12-14th week of development it also 

contains a wide range of proteins and bioactive molecules that aid in the growth of 
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the fetus. AF fills the amniotic cavity and acts to prevent adherence of the embryo to 

the amnion, absorb jolts to protect the embryo or fetus, allow for fetal movement, 

and protect the fetus from heat loss. The plateau of AF volume during development 

is approximately 800ml, with up to half that volume recycled daily.(50) The cells 

contained in AF are a heterogeneous mixture of many cell types derived from and 

genetically matched to the fetus.(50, 51) The predominant phenotype observed is 

epithelial cells, but cells expressing mesenchymal, osteocyte, adipocyte, and 

neuronal markers are also present.(51) 

2.1.1.4.2. Amniotic Fluid-Derived Stem Cells 

AF was first demonstrated to contain Oct-4 positive stem cells in 2003.(52) 

Oct-4 is a transcription factor that is critically involved in the self-renewal of 

undifferentiated ESC and necessary for ESC pluripotency.(53) Isolation of broadly 

multipotent stem cells from AF was later demonstrated based on adherence and 

immunoselection for c-kit expression using magnetic microsphere assisted cell 

sorting.(50) C-kit, also known as CD117, is a tyrosine-kinase transmembrance 

receptor for mast/stem cell growth factor, a pleiotropic cytokine involved in 

hematopoiesis that plays a significant role in cell survival, proliferation, and 

differentiation.(54, 55) Within this AFSC population, distinct subsets of cells were 

generated by clonal colonies and retroviral marking; some groups of cells were 

found to be more receptive to differentiation regimes toward adipogenic, 

osteogenic, myogenic, endothelial, and hepatic lineages, representing cell types 

across all three germ layers.(50) However, unlike ESC, AFSC do not form teratomas 
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when implanted in severe combined immunodeficient mice.(50)  The non-tumor 

forming characteristic of AFSC and adult stem cells are a distinct advantage over 

ESC in terms of clinical applicability. Additionally, the population doubling time of 

AFSC is in the range of 36 hours, which is slightly slower than ESC but nearly twice 

as fast as MSC; therefore, the reduced expansion time associated with AFSC offers a 

clear advantage over MSC.(56)  

 

Figure 2.1 – Confirmation of AFSC multipotency 

PCR results of differentiation (D) from a single colony of undifferentiated AFSC 

(U) demonstrates that amniotic fluid contains a population of broady 

multipotent stem cell.(50)  

 

 Due to the relatively recent discovery of AFSC, there are many differences in 

isolation, culture, and differentiation methods between labs. While the approach of 

the majority of AFSC work follow the method described above, a significant degree 

of variation is seen in the literature.  
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AFSC are being explored for osteogenic, renal, myogenic, neuronal, and 

cardiomyogentic differentiation for use in tissue engineering, in addition to 

endothelial differentiation, addressed in detail below.(57-61) Analysis of the 

capacity for differentiation of c-kit+ sorted versus unsorted AFSC revealed that an 

unsorted population more efficiently differentiated towards a neuronal lineage than 

the sorted population; however, the c-kit+ sorted population more efficiently 

differentiated towards adipogenic, osteogenic, and chondrogenic lineages.(62) 

Though there is lack of agreement in the field on general isolation and culture 

procedures, no data has been published comparing efficiency of isolation methods 

for endothelial differentiation.  

Both unsorted and c-kit+ sorted AFSC can be induced to form endothelial 

cells by culture in Endothelial Growth Media 2 (EGM-2), a commercially available 

media, on gelatin-coated dishes. Recent publications demonstrate chemical-

mediated differentiation of AFSC using either bFGF or VEGF supplemented EGM-

2.(3, 56, 63) Culture periods until endothelial differentiation ranged from 2 to 4 

weeks, with phenotypic changes present as early as 7 days.  Additionally, brief 

periods of cyclic shear force and hypoxia post-differentiation have been shown to 

increase production of pro-angiogenic factors such as VEGF, placental growth factor, 

and hepatocyte growth factor.(3) AFSC-derived endothelial cells have been shown 

to express surface markers, such as VEGFR2 and CD31, as well as form capilary-like 

structures in vitro.(56) While several groups have reported preliminary work, the 

functionality of endothelial cells differentiated from human AFSC as compared to a 
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primary mature cell source, such as human umbilical vein endothelial cells (HUVEC), 

has yet to be thoroughly documented. 

2.1.2. Vascularization in Tissue Engineering 

The clinical applications in the field of tissue engineering are still limited by 

its inability to provide sufficient blood supply to engineered constructs in the initial 

phase after implantation. Both natural and engineered tissues more than 

approximately 200μm thick require suitable vascular support to maintain viability 

and function.(64) Perfusion bioreactors can be used in vitro to supply nutrients to 

thick constructs; however, once implanted, these constructs become diffusion-

limited and require a source of vascularization.(65, 66)   

 

Figure 2.2 – Vascular function in vivo 

 Diffusion and trasnport processes in vascularized tissues in vivo.(67)  
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Post-implantation, blood vessels from the host may spontaneously invade the 

implant to form a vascular network. Vascular ingrowth is often a response to 

implanted cells experiencing hypoxia and stimulating secretion of angiogenic 

cytokines or part of an inflammatory wound healing response.(68) The rate of this 

spontaneous angiogenesis is limited to several tenths of a micron per day,(69) 

resulting in weeks before complete vascularization of even a relatively thin implant. 

During this time, hypoxia in the core of the implant, along with nutrient and oxygen 

gradients in the outer regions, could result in non-uniform cell differentiation and 

integration and thus decreased tissue function.(70)  

Because the speed of vascularization after implantation is a limiting factor, 

the successful use of tissue engineered constructs has generally been limited to thin 

or avascular tissues, such as skin or cartilage, for which angiogenesis from the host 

is sufficient to meet the demand for oxygen and nutrients.(71) To succeed in the 

application of tissue engineering for thick tissues, such as bone and muscle, an 

adequate source of blood vessel formation must be developed.  

 

Figure 2.3 – Overview of vasculogenesis and angiogenesis 

(72) 



 19 

 

Blood vessels are constructed by two processes: angiogenesis and 

vasculogenesis.(73) Angiogenesis is the morphogenic process of new blood 

capillaries sprouting from preexisting vessels. There are six basic steps in 

angiogenesis(74): 1) vasodilatation of the parent vessel, which reduced the contact 

between adjacent endothelial cells; 2) degradation of the basement membrane of a 

parent vessel by secretion and activation of a wide range of proteolytic enzymes; 3) 

endothelial cell migration and proliferation to form a leading edge of the new 

capillary; 4) generation of the capillary lumen and formation of a tube-like 

structure; 5) basement membrane synthesis; and 6) recruitment of pericytes and 

vascular smooth muscle cells. Angiogenesis plays a major role in wound healing and 

collateral vessel formation. In wound healing and tissue repair, new capillaries 

emerge from neighboring vessels during tissue remodeling.(75) Collateral vessel 

formation is essential throughout the human body. For example, myocardial 

collateral vessels that sprout from preexisting capillaries post-myocardial infarction 

are important for protecting the heart from ischemic damage.(76) 

Vasculogenesis is the de novo assembly of capillaries from endothelial cells 

and can be divided into five consecutive steps(77): 1) endothelial cells are 

generated from precursor cells called angioblasts (or delivered through cell 

seeding); 2) endothelial cells aggregate and establish cell-to-cell contact but have no 

lumen; 3) polarized endothelial cells form tubules; 4) a primary vascular network is 
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formed from an array of endothelial tubules; and 5) pericytes and vascular smooth 

muscle cells are recruited.(73)  

Several strategies for enhancing vascularization are currently under 

investigation. These include scaffold design, the inclusion of angiogenic factors, in 

vivo and in vitro prevascularization, scaffold-free approaches, and hydrogel-based 

approaches.(78) The first two approaches, scaffold design and angiogenic factor 

delivery, both rely on the ingrowth of host vessels into the entire implanted 

construct. Even with an increased rate of vascularization compared to spontaneous 

formation, complete network formation is on the order of several days to weeks. By 

contrast, in vivo prevascularization approaches can theoretically result in the 

perfusion of a construct at the final implant site within minutes after implantation; 

however, a pre-implantation period is necessary and still relies on enhanced 

angiogenesis from surrounding vessels, significantly limiting applicability. In vitro 

prevascularization also allows for minimal time between implantation and 

anastamoses with host vascularture, on the order of 24-48 hours, but does not 

require any diffusion-limited steps in vivo.(78) Scaffold-free approaches use a 

combination of in vitro and in situ prevascularization approaches, while hydrogel 

technologies allow for either in vitro prevascularization or in situ vascularizaiton 

through endothelial cell encapsulation. Though each strategy can enhance 

vascularization after implantation, their effectiveness varies and is discussed below. 
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2.1.2.1. Scaffold Design 

The architecture and design of a scaffold has a significant effect on the rate of 

vascularization post-implantation. Scaffold pore size is a critical determinant of 

blood vessel ingrowth, with significantly faster angiogenesis in scaffolds with pores 

size greater than 250 µm.(79) Additionally, the interconnectivity of pores play a role 

in cell migration, shown by inhibited vascularization in scaffolds with minimal 

interconnectivity, even in the case of high porosity.(80) Common scaffold 

fabrication techniques include gas foaming, phase separation, freeze drying, and 

particulate leaching.(81) These methods have been used to produce three-

dimensional scaffolds for tissue-engineering applications because they allow for 

control of the shape and the size of the pores; however, the resulting organization of 

the pores is random, which can lead to low interconnectivity and highly tortuous 

routes that impede the ingrowth of vessels into the scaffold. Solid free-form 

fabrication systems, such as rapid prototyping or fiber deposition technology, are 

currently being explored for their capability to produce complex scaffolds with well-

defined architecture and optimized pore interconnectivity.(81, 82) Additionally, 

these systems allow for create of distinct region-specific characteristics that might 

benefit for the recreation of zonal tissue such as cartilage. 

2.1.2.2. Angiogenic Growth Factors 

Mature vascular endothelial cells are normally in a quiescent stage due to cell 

contact and inhibition. It is well established that the addition of angiogenic factors 

facilitates a transition of endothelial cells into an angiogenic state and can enhance 
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vascularization of engineered constructs post-implantation.(83, 84) Conversion of 

endothelial cells to this phenotype is accompanied by: 1) changes in cell shape, 

which facilitate migration; 2) enhanced secretion of proteolytic enzymes, which 

degrade the basement membrane and extracellular matrix; and 3) increased 

sensitivity to angiogenic factors by modulation of receptor expression.(85, 86) 

Tumor biology research in the last two decades has resulted in a large list of 

angiogenic molecules that can stimulate the conversion of endothelial cells to this 

angiogenic phenotype.(87)  

Additionally, angiogenic factors can be used to stimulate specific stages of 

blood-vessel formation to further increase the vascularization of an engineered 

construct. First, the formation of small diameter vessels can be increased by the 

addition of growth factors, such as VEGF and bFGF, which stimulate the mobilization 

and recruitment of endothelial progenitor cells and accelerate the rate of 

angiogenesis.(88) Because the resulting vessels are often disorganized, leaky, and 

hemorrhagic, it is important to recruit smooth muscle cells or pericytes to stabilize 

the newly formed vessels.(71) Growth factors that are important for the 

stabilization of new vessels include platelet-derived growth factor (PDGF) and 

transforming growth factor β (TGF-β). Because both the formation and subsequent 

stabilization of new vessels are important for the creation of a functional vascular 

network, the delivery of two sets of factors that are able to stimulate new vessel 

formation and maturation might be necessary for optimal vascularization. For 

example, the delivery of both VEGF and PDGF has been shown to result in the 

formation of a high number of mature vessels in implanted scaffolds.(83, 89) 
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VEGF is a major regulator of neovascularization under physiological and 

pathological conditions and is a potent angiogenic factor in a wide range of in vivo 

models.(90, 91) VEGF is an endothelial-specific mitogen that stimulates migration 

and tubule formation in vitro. VEGF receptor gene knockout studies have 

demonstrated the importance of VEGF in angiogenesis and vasculogenesis.(92, 93) 

VEGF plays a major role in early embryonic development, and embryos lacking even 

one copy of the VEGF gene do not develop beyond early stages.(94) VEGF is present 

as five homodimeric isoforms, which differ in expression levels and localization, 

with VEGF121 and VEGF165 being the most abundant. VEGF isoforms have similar 

activities, although VEGF165 has been shown to be the most potent in terms of 

endothelial proliferation and angiogenic induction.(95, 96) VEGF is expressed by a 

wide variety of cell types in different tissues and is significantly upregulated in 

many tumor types and hypoxic conditions.(97-99) VEGF and its homologues are 

ligands for a family of receptors: VEGFR-1 (Flt-1), VEGFR-2 (KDR/Flk-1), VEGFR-3 

(Flt-4), and neuropilin (NRP).(100-103) VEGFR-1–3 directly trigger a cytoplamic 

signaling cascade following the binding of VEGF, while NRP serves as a co-receptor 

for VEGFR-2 by increasing VEGF binding and activity.(104, 105)  

bFGF was identified as the first endothelial mitogen but also serves as a 

strong fibroblast mitogen.(106) bFGF, which is localized to heparan sulfate 

proteoglycans in the extracellular matrix, is a chemotactic factor for endothelial cells 

and is highly angiogenic.(107) bFGF lacks a signal peptide and is normally not 

secreted but is widely distributed in both normal and malignant tissues.(108) In 

contrast to VEGF, bFGF is not specific to endothelial cells, with expression seen in 
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smooth muscle cells, fibroblasts, myoblasts, and tumor cells.(108) bFGF is important 

for wound healing and tissue repair and is well characterized in stimulating 

epithelialization and regeneration of cartilage, as well as survival of neurons in 

culture.(109) 

Hepatocyte growth factor (HGF) is a pleiotropic cytokine that plays a role in 

embryogenesis, organ regeneration, wound healing, and angiogenesis.(110) HGF 

was originally described only as a potent mitogen for hepatic cells but was later 

shown to regulate motility, migration, growth, and morphology of other cell types 

such as epithelial, melanocytes, and endothelial cells.(111) HGF regulates migration 

and proliferation of human microvascular endothelial cells in vitro and induces the 

formation of new blood vessels in vivo.(112, 113) 

In addition to factors described above that directly affect angiogenesis, a set 

of growth factors have been shown to induce endothelial cell proliferation or 

migration in vivo while having minimal effect in vitro. These factors are considered 

indirect angiogenic factors and include PDGF and TGF-β. PDGF is a potent stimulator 

of growth and motility of fibroblasts, smooth muscle cells, and pericytes, but also 

acts on endothelial cells and neurons.(83) PDGF does not affect endothelial 

proliferation directly but supports the formation of functional vascularized 

connective tissue in wound healing during tissue repair.(114) TGF-β and its 

receptors are important regulators of endothelial cell differentiation and the 

establishment and maintenance of vessel wall integrity.(115) The effects of TGF-β 

on angiogenesis are hypothesized to be recruitment of macrophages and fibroblasts 
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that secrete angiogenic factors, as well as stabilization of newly formed vessels by 

recruiting smooth muscle cells and pericytes.(86, 115) TGF-β has also been shown 

to be important for the production of extracellular matrix and the interaction 

between endothelial cells and mural cells.(116) 

Several strategies for the delivery of both direct and indirect angiogenic 

factors have been developed. These include the addition of recombinant proteins 

and genes to engineered scaffolds, as well as the use of cells that are genetically 

programmed to constitutively express these factors.(117-119) The delivery of 

growth factors within a scaffold can be driven by either passive diffusion or 

coupling to the rate of degradation. While the release kinetics can be varied to some 

extent by altering the concentration of growth factor and degradation rate of the 

material, which depends on chemical composition and geometry, these delivery 

methods are independent from the actual vascularization process and can result in a 

growth factor release profile that are not synchronized to local cellular 

demand.(120) A novel approach to solving this problem utilizes a scaffold with 

matrix metalloproteinases (MMP) specific cleavage sites. Endothelial cells in an 

angiogenic state secrete MMP and could degrade the matrix locally, resulting in 

growth factor release in response to cellular demand. Vasculature induced by cell-

demanded release of growth factors has been shown to have a higher degree of 

organization than those derived from uncontrolled growth factor release.(121) 



 26 

2.1.2.3. Prevascularization 

Another strategy for enhancing vascularization in tissue engineering is in 

vivo prevascularization. This method, also referred to as tissue prefabrication, 

involves two distinct stages. In the first stage, a scaffold is implanted into a region 

with an artery suitable for microsurgical transfer and is either wrapped in an axially 

vascularized tissue, such as muscle, or has an artery implanted in it. Although this 

ensures that a transplantable macrovessel is present in or around the graft, it does 

not have a capillary network at this stage. A vascularization period of several weeks 

at this initial implant site will result in the formation of a microvascular network in 

the engineered construct.(122) After this initial stage, the vascularized scaffold is 

harvested together with the supplying artery and then reimplanted at the defect 

site. At this site, the artery is connected to the local vasculature, which results in 

instantaneous perfusion of the entire construct. The advantage of this technique is 

that after implantation at the final site, the construct becomes immediately 

perfused; however, its main drawbacks are that two separate surgeries are 

necessary and a vascular axis has to be removed from the initial implantation site. 

Additionally, nutrient limitations during the initial vascularization stage are still 

likely to cause significant reduction in cell viability and may necessitate reseeding of 

cells.(122) 

An improvement to this strategy is to simulate the in vivo prevascularization 

step in an in vitro environment. Endothelial cells cultured in the right conditions in 

vitro, such as on a collagen-based scaffold or under pulsatile shear force, form 
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cohesive vascular networks. During in vitro prevascularization, endothelial cells are 

cocultured with a secondary tissue type to obtain a vascularized tissue precursor, 

such as using cardiomyocytes and endothelial cells to create a cardiac patch. As a 

result, it is important to optimize culture conditions for both the organization of a 

vascular network, as well as the development of the tissue that is being engineered. 

Specifically, the use of angiogenic growth factors in cocultures tends to be 

minimized because of the potentially negative influence on non-endothelial 

cells.(10) However, it has been demonstrated that endothelial cells can organize 

into networks within a construct without the addition of angiogenic factors.(123-

126) Adjustments to scaffold materials, discussed in the sections to follow, allow for 

the formation of vasculature without disturbing the development of the surrounding 

tissue. Tissue types studied in this method include skin, skeletal muscle, bone and 

cardiac muscle.(123-126) After implantation, these networks can anastomose 

spontaneously to the host vasculature and supply the construct with nutrients. 

Because host vessels only need to grow into the outer regions, rather than the entire 

construct, the time needed for complete vascularization is significantly reduced 

from weeks to days.(124) 

2.1.2.4. Scaffold-Free Tissue Engineering 

An alternative tissue engineering strategy is the use of cell sheets, which are 

confluent monolayers of cells grown in vitro. The main advantages of using cell 

sheets as minimal building blocks for engineering tissue include endogenous tissue-

specific extracellular matrix production, prevascularization capacity, and 
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customizable geometry.(127) Cell sheet technology has been used as a method to 

generate a variety of tissues, including full biological small diameter vessels , cardiac 

patches, and corneas.(128-130)  

To generate cell sheets, cells are grown to confluence in cell culture dishes, 

allowing them to develop cell-cell interactions and produce a significant amount of 

extracellular matrix. The monolayer is then removed without the use of proteolytic 

enzymes to preserve the sheet structure. The most prevalent technology to achieve 

this is the use of a temperature-responsive polymer surface using poly(N-

isopropylacrylamide). At physiologic temperature, the cells attach and grow 

normally, but at temperatures below the polymer's critical solution temperature of 

32 °C, the polymer becomes hydrophilic and swells, resulting in a hydration layer 

between the cell sheet and the culture surface.(131) This technology keeps cell 

surface receptors, cell-cell interactions, and the extracellular matrix intact.(132) 

Two alternative technologies to harvest cell sheets without proteolytic enzymes are 

based on magnetic force and polyelectrolytes. In the first case, culture surfaces on 

which a cell monolayer can be grown are coated with RGD-conjugated magnetite 

cationic liposomes. Removal of a magnetic field allows for harvesting of intact cell 

sheets.(133) Alternatively, polyelectrolyte surfaces allow for voltage-induced 

detachment from culture surfaces.(134) 

Individual cell sheets can be transplanted directly to a target site and have 

been applied to skin, cornea, esophagus, and cardiac tissues.(128, 129, 135, 136) 

Cell sheets have also been used to create three dimensional tissues by stacking 
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layers of neonatal cardiomyocytes, MSC, skeletal myoblasts, fibroblast-endothelial 

co-cultures, and neonatal rat cardiomyocytes-endothelial co-cultures.(137-140)  

A major disadvantage of cell sheet technology is the difficulty of generating 

constructs as thick as native tissues. To compensate, multi-step transplantation of 

triple-layer cell sheets has been proposed. Using this method, triple-layer 

cardiomyocyte sheets were transplanted subcutaneously 10 times, at intervals of 1 

day to produce approximately 1 mm thick, cell-dense myocardial tissues.(141) 

When transplanted directly to host hearts, these sheets formed morphological 

connections with the presence of functional gap junctions and were able to improve 

damaged cardiac muscle in terms of host ejection fraction.(142, 143) This method of 

repeated transplantations carries a relatively high risk of complications, especially 

when applied directly to the host heart. 

2.1.2.5. Hydrogels 

Hydrogels are water-swollen, cross-linked polymer structures containing at 

least one of the following: 1) covalent bonds produced by the reaction of one or 

more co-monomers; 2) physical cross-links due to chain entanglements; 3) 

association bonds including hydrogen bonds or strong van der Waals interactions 

between chains; and/or 4) crystallites bringing together two or more 

macromolecular chains.(144) Hydrogels can be classified into categories based on 

preparation method, charge, and structural characteristics. Hydrogels can be 

homopolymeric or copolymeric; neutral, anionic, or cationic depending on 
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individual monomer charge; and either amorphous, semicrystalline, hydrogen-

bonded, supramolecular, or hydrocolloidal.(145)  

 

Figure 2.4 – Schematic of injectable biodegradable hydrogels 

(146) 

 

Hydrogels comprised of natural polymers, such as collagen, fibrin, chitosan, 

and gelatin, are advantageous for their high biocompatibility, intrinsic cellular 

interaction, cell-controlled biodegradability, and low byproduct toxicity but have 

inherently low mechanical strength and the potential for batch-to-batch variability. 

On the other hand, synthetic scaffolds, such as poly(ethylene glycol) (PEG) and poly 

lactic-co-glycolic acid (PLGA), allow for precise control and repetition of properties 
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such as porosity and mechanical strength and have low immunogenicity but often 

demonstrate low biodegradability and the creation of toxic byproducts.(145)  

A large number of polymers from both categories have the ability to 

spontaneous gel upon temperature variation. Two different types of temperature-

sensitive materials can be distinguished: upper critical solution temperature (UCST) 

and lower critical solution temperature (LCST) materials. The gelation of many 

biopolymers, such as gelatin, is induced by the reversible temperature sensitive 

formation of intermolecular hydrogen bonds, which is characteristic of UCST 

systems.(147) On the other hand, polymers such chitosan, elastin, and cellulose, 

respond to temperature increases beyond their LCST by the aggregation of 

hydrophobic groups, inducing phase separation and hydrogel formation.(148) The 

primary advantage of using a system with an LCST near physiologic temperatures is 

the ability to encapsulate cells as the hydrogel transitions from soluble to gel 

form.(148)  

The most effective hydrogel materials in vascular tissue engineering have 

been Matrigel, collagen, chitosan, fibrin, and PEG.  

Matrigel is a gelatinous, solubilized basement membrane extract that is rich 

in the extracellular matrix proteins laminin, collagen, and entactin at ratios similar 

to those found in vivo and is a commercially available product derived from a mouse 

sarcoma line.(149) Matrigel is an LCST system that assembles into a fibrous gel 

network by incubation at 37°C and is a platform for 3D cell culture.(149, 150) Even 

without the addition of angiogenic factors, endothelial cells have been shown to 
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form three-dimensional vascular networks within Matirgel in vitro and in vivo, 

which is further enhanced by the addition of a perivascular cell source.(151) Until 

recently, more extensive vascularization had been observed in Matrigel than any 

other natural or synthetic scaffolds, but its potential for direct clinical application is 

limited by its tumor-derived, xenogeneic origin.(151) Alternatives to Matrigel are 

needed to translate these results into clinical application. 

Hydrogels fabricated from collagen, which is the main component of 

Matrigel, are commonly investigated for tissue engineering applications due to their 

ready availability and well-established biocompatibility. Endothelial cells seeded 

within collagen hydrogels reorganize into networks of branching and anastomosing 

capillary-like tubules, suggesting an appropriate topological relationship of 

endothelial cells within collagen matrices similar to what occurs in vivo.(152)  

Gelatin, which is a hydrolyzed version of collagen, contains RGD-like sequence that 

promote cell adhesion and migration and has also been shown to induce three-

dimensional vessel formation of endothelial cells.(152) 

Chitosan is a naturally derived polysaccharide that has many tissue 

engineering applications due to its low cost, large-scale availability, anti-microbial 

activity, and biocompatibility.(153) Chitosan solubility is normally pH dependent, 

with aqueous solubility only below pH 6.2. In this case, encapsulation of cells within 

the chitosan matrix is limited. However, the additional of β-glycerolphosphate (βGP) 

results in a thermoresponsive hydrogel with an LCST near 37°C, allowing for cell 

encapsulation and injection in vivo.(154) It is hypothesized that the physical 
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gelation for both pH-dependent and thermoresponsive chitosan is due to hydrogen 

bonding, electrostatic interactions, and hydrophobic forces; however, the anionic 

βGP salt reduces these interactions while increasing pH and allows for temperature-

dependent hydration of chitosan chains.(155) Chitosan has been used in 

homopolymeric hydrogels for controlled release of angiogenic factors, as well as in 

copolymeric hydorgels to improve the physical properties of other natural polymers 

and enhance their ability to support vascularization and angiogenesis.(156, 157) 

Fibrin is a protein formed during wound hemostasis in which the soluble 

blood plasma monomer fibrinogen is polymerized into insoluble fibrin by 

thrombin.(158, 159) Fibrin plays a critical role in blood clotting, cell–matrix 

interactions, and inflammation.(146) The effect of fibrin on wound healing and 

tissue regeneration has lead to its evaluation in a number of clinical and biomedical 

applications, including as a tissue sealant, for cell encapsulation, growth factor 

delivery, and as a tissue engineering scaffold.(160-163) Fibrin-based hydrogels have 

been shown to stimulate angiogensis and are biodegradable, biocompatible, and 

bioadhesive, making them an appropriate platform for vascular development 

studies.(164, 165) 

Other animal-derived extracellular matrix proteins, such as Matrigel and 

collagen, are limited in their clinical relevance due to immunogenic concerns 

regarding xenogenic biomaterials.(166, 167) In addition to serving as a provision 

matrix for cell encapsulation and a source of pro-aniogenic signaling,(164, 168, 169) 

fibrin also has the potential to be autologously derived to mitigate the typical 
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foreign body response seen in other implants.(170, 171) Additionally, degradation 

of fibrin is proteolytically-dependent, resulting in the release of angiogenic factors 

in response to local cytokines. Vascularization formed in this method is generally 

more stable than diffusive growth factor release.(172) Furthermore, fibrin-based 

hydrogels have the potential for in situ polymerization. The activation of fibrinogen 

by thrombin and the assembly of fibrin scaffolding (Fig 2.5) occurs on the order of 

seconds to minutes and it’s tunable based on controllable experimental factors, such 

as calcium concentration and temperature.(173) Like most other natural materials, 

however, the main limitation associated with fibrin in tissue engineering is rapid 

degradation, which leads to loss of implant volume within days.(165, 174)  

 

Figure 2.5 – Schematic of fibrinogen activation 

The activation of fibrinogen (A) by thrombins exposes fibrin knobs that bind 

to complementary pockets in the molecule.(B) Such knob:pocket interactions 
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are key in the assembly of fibrin protofibrils (C) in fibrin network 

formation.(173) 

 

The incorporation of a bi-functional variant of poly(ethylene glycol) (PEG), a 

synthetic polymer widely used for its FDA-approved biocompatibility, into fibrin-

based hydrogels allows for adjacent fibrinopeptides to be crosslinked and increases 

the mechanical strength of the polymer network.(175-177) The addition of PEG 

allows for tunable physical properties, such as polymerization and degradation 

rates, while retaining the key benefits of fibrin-based scaffolds – quick formation, 

biocompatibility, and angiogenic stimulation. This is due to the high hydrophilicity 

of PEG, which makes it intrinsically resistant to protein adsorption and cell 

adhesion, providing extremely low interference with bioactivity. Although a large 

number of synthetic polymers have been shown to be useful implantable hydrogel 

materials, PEG provides several advantages for regenerative therapeutics,(120, 172) 

including a well-established chemistry, a long history of safety in vivo, and FDA 

approval.  

In this study, the method of fibrinogen PEGylation involves ester-amine 

reaction chemistry.(Fig2.6)(178) The bi-function variant of PEG used has been 

functionalized with N-hydroxysuccinimide (NHS) ester reactive groups, which 

covalently interact with primary amines on fibrinogen to yield stable amide bonds. 

This method of conjugation is straightforward and efficient because primary amines 

are positively charged at physiologic pH, which results in localization predominantly 
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on the outside of native protein structures where they are readily accessible to 

react.(178)  

 

Figure 2.6 – NHS ester reaction for chemical conjugation to a primary amine 

“R” represents a labeling reagent or one end of a crosslinker having the NHS 

ester reactive group (in this case PEG); “P” represents a protein or other 

molecule that contains the target functional group (i.e., primary amines on 

fibrinogen).(178) 

 

For advanced modification, the addition of acrylate groups to PEG chains 

could allow for photo or chemical cross-linking, as well as incorporation of bioactive 

molecules such as protease-degradable sites, adhesive ligands, and growth 

factors.(179) A major strength of this strategy is the modular design that allows for 

further tailoring of biochemical and mechanical properties. The design challenge for 

PEG hydrogels in this case would be selecting the appropriate biological signals and 

polymerization conditions for controlled and tissue-specific regeneration. Novel 

PEG systems have been developed by incorporating MMP-cleavable peptide 

sequences, RGD peptide domains for cell adhesion, and tethered angiogenic growth 

factors and have been shown to promote both in vitro and in vivo vascular network 

formation from encapsulated endothelial cells and angiogenesis from host 

tissue.(121, 180) 
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2.2. Congenital Heart Defects 

2.2.1. Epidemiology 

A congenital heart defect (CHD) is a structural abnormality of the heart or 

great vessels present at birth with the potential to significantly affect heart 

function.(181) Birth defects are the leading cause of infant death in the United 

States.(182) Of these, CHD is the most common cause of major congenital anomalies, 

encompassing nearly a third of all reported cases.(183, 184) Prevalence of CHD vary 

greatly between studies depending on patient age and method of diagnosis, with the 

majority of variance attributed to the inclusion or exclusion of small septal defects, 

which may only be detected by echocardiography and can close 

spontaneously.(181) Despite variation, the generally accepted best approximation 

of the incidence of CHD is between 6 and 8 per 1000 live births, with moderate and 

severe forms of CHD each accounting for approximately half.(185) Though some 

retrospective analyses have shown a significant geographical difference in CHD 

prevalence, others have reported that observed differences related to geography or 

specific time periods are only based on study design and diagnostic facilities.(181, 

186) Regardless, CHD occurs in rough 1.35 million newborns per year worldwide 

and represents a major global health issue.(186) 
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2.2.2. Types of Congenital Heart Defects 

2.2.2.1. Septal Defects 

The septum is a wall of tissue which separates the left heart from the right 

heart. Defects in the interatrial septum, which separate the atria, or the 

interventricular septum, which separates the ventricles, reduce the heart's 

efficiency by allowing blood to flow from the left to the right side of the heart.(187) 

 

Figure 2.7 – Morphological subtypes of VSD 

(188) 

 

 Ventricular septal defects (VSD) are the most common form of CHD and 

comprise nearly 80% of cases requiring surgical intervention.(189) While minor 

VSD often close spontaneously after birth and do not require intervention, cases 

with a high degree of blood flow from left to right ventricle can cause pulmonary 

hypertension and its associated symptoms.(187) Patch materials discussed below 
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are often used in cases of VSD that do require surgical intervention. Atrial septal 

defects (ASD) are much less prevalent and, when a child has no other congenital 

defects, small to moderate sized defects may be asymptomatic. Left untreated, ASD 

can be associated with pulmonary hypertension. Patch materials are required for 

both catheter-based and surgical-based repair of large ASD, with the preferable 

patch material for the latter being autologous pericardium.(187)  

 

Figure 2.8 – Complete AV septal defect and common AV valve 

(188) 

 

Atrioventricular septal defects (AVSD) account for approximately 5% of all 

CHD and are characterized by a deficiency or absence of the AV septum. The 

primary defect is the failure of formation of the endocardial cushions, which are 

responsible for separating the atria from the ventricles and forming valves. In 

patients with complete AVSD, the deficiency in the inlet portion of the ventricular 

septum is greater than those with partial AVSD, and surgical repair requires a 
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patch.(187, 190) AVSD is commonly associated with cardiac anomalies, such as 

tetralogy of Fallot and transposition of the great artieries, as well as non-cardiac 

anomalies, such as Down's syndrome.(190)  

2.2.2.2. Tetralogy of Fallot 

Tetralogy of Fallot is the most common cyanotic form of CHD and results in a 

lack of system oxygenation of blood.(187) Tetralogy of Fallot encompasses four 

distinct heart malformations which present together: 1) pulmonary infundibular 

stenosis, 2) overridding of the aorta, 3) VSD, and 4) right ventricular hypertrophy. 

Pulmonary infundibular stenosis, which is a narrowing of the right ventricular 

outflow tract (RVOT), and VSD typically require surgical intervention, both of which 

may require patch materials. The degree of RVOT obstruction is the primary 

determinant of the symptoms and severity of the other associated defects, which 

arise from compensation for pulmonary stenosis. Tetralogy of Fallot rapidly results 

in progressive right ventricular hypertrophy, with untreated survival rates for the 

first year at 75% and 30% by ten years.(187, 191) The surgical approach to TOF 

repair is individualized for each patient based on age, anatomy, and symptoms, but 

falls in to two categories: Blalock-Taussig (BT) shunting or complete TOF 

repair.(192)  

Placement of a BT shunt is a closed-heart procedure in which the surgery 

takes place in vessels outside the heart. A BT shunt creates an artificial path 

between the subclavian artery and pulmonary artery to increase blood flow to the 
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lungs, but is usually a temporary measure designed to alleviate symptoms until the 

patient is able to undergo complete repair.(192) 

Complete TOF repair is an open-heart procedure that involves patching of 

any septal defect and RVOT widening to increase blood flow to the lungs. Patches 

are formed from either the patient’s pericardial tissue or a synthetic material, then 

sutured into place to close the defect. Any obstructive tissue in the RVOT is also cut 

away. In some cases of severe obstruction or absence of the pulmonary artery, a 

shunt may be placed between the RV and pulmonary arteries to allow blood to flow 

to the lungs.(192) 

2.2.2.3. Current Patch Materials Available 

Over the past five decades, a wide variety of materials have been proposed 

for surgical repair of cardiovascular defects. Materials ranging from biological to 

synthetic have been tested, but none are ideal.(193)   

The use of autologous pericardium for surgical repair of CHD has a number of 

advantages: it is of adequate thickness and resistance, has superior biocompatibility 

compared to xenographic solutions, and is present in quantities sufficient for large 

defect repair. Additionally, it is cost-free and harvesting does not require a separate 

procedure. However, fresh pericardium tends to shrink and curl, making it difficult 

to handle, trim to the appropriate size, and suture to the vascular wall. Fixation of 

fresh pericardial tissue with glutaraldehyde significantly improves the mechanical 

stability and diminishes most of these concerns. This method of preservation by 
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gluteraldehyde is inexpensive, easy to perform, and does not prolong surgical 

duration. The reduced elastic recoil of fixed versus fresh tissue may also reduce the 

risk of bleeding from patch sutures.(193) While there is little fibrous reaction seen 

in the adjacent tissue post-implantation, the pericardium itself will thicken and 

develop fibrosis over time.(187) 

Glutaraldehyde-fixed xenografts have also been used. Bovine pericardium 

displays little elasticity and exhibits even and stiff edges that considerably reduce 

the issues with harvesting, trimming, and suturing autologous pericardium. Porcine 

small intestine submucosa provides an appropriate environment for native cells to 

remodel and repair intracardiac tissue. These materials can be readily available off 

the shelf and have minimal risk of disease transmission but have a higher associated 

cost than autologous tissue and can potentially invoke a powerful immune 

response.(187, 191, 193, 194) 

Dacron, a synthetic material composed of polyethylene terephthalate, has 

been used in cardiovascular prosthetic applications in either woven or knitted 

forms for over 50 years. Dacron has high porosity, good stability, and persists for 

more than a decade after implantation without significant deterioration.(195)  A 

major disadvantage associated with Dacron is stimulation of an aggressive 

inflammatory response, which leads to subsequent fibrosis. The immunogenicity, 

high elastic modulus, and low deformability limits the applicability of Dacron, 

especially in children, where growth of the heart exacerbates this issues.(187)  
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Another synthetic material available for CHD repair is expanded 

polytetrafluoroehylene (ePTFE). Similar to Dacron, ePTFE grafts are biostable and 

do not undergo significant deterioration in vivo.(195) The surface of ePTFE is 

electronegative, which minimizes its reaction with blood components resulting in 

low thrombologenicity. While Dacron is used in some cardiac patch applications, it 

is more commonly used for vessel applications.(187)  

The effectiveness of currently available biological or synthetic patches for 

repairing CHD are limited in the long-term by many disadvantages, including their 

inability to grow, repair, or remodel;  their inelasticity;  and their increased risk of 

hemolysis, fibrosis, and calcification.(195, 196) These complications often result in 

the need for multiple replacement patches. Additionally, current patch materials are 

non-conductive and cannot actively contract, which can lead to decreased cardiac 

function, as well as arrhythmias and sudden cardiac death.  The risk of sudden 

cardiac death in patients with patch repair of the heart is 25 to 100 times that of the 

healthy population.(197)  

This lack of ideal patch materials could be solved with a tissue engineered 

cardiac patch. Ideally this patch would be made with autologous cells, which would 

circumvent rejection by the host immune system. The AFSC-EC used as source of 

vascularization in this research currently have the potential to be genetically 

matched to the fetus. Furthermore, a method for cardiogenic differentiation of AFSC 

is currently being developed with the intention to create a fully autologus AFSC-

derived cardiac patch for surgical repair of CHD.  Many CHD are diagnosed in utero, 
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therefore it would be possible to obtain autologous cells from the AF at that time. 

The AFSC could then be grown and differentiated into both vascular and cardiac 

cells to have a patch available for repair at birth. 

 

Figure 2.9 – Potential application towards engineering an autologus AFSC-

derived cardiac patch for CHD repair
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Chapter 3 

Evaluation of Endothelial Cells 

Differentiated from Amniotic Fluid-

Derived Stem Cells* 

Abstract: Amniotic fluid holds great promise as a stem cell source, especially 

in neonatal applications where autologous cells can be isolated and used. This study 

examined chemical-mediated differentiation of amniotic fluid-derived stem cells 

(AFSC) into endothelial cells and verified the function of AFSC-derived endothelial 

cells (AFSC-EC). AFSC were isolated from amniotic fluid obtained from second 

trimester amnioreduction as part of therapeutic intervention from pregnancies 

affected with twin-twin transfusion syndrome. Undifferentiated AFSC were of 

                                                        
 

* This chapter was published as Benavides OM, Petsche JJ, Moise KJ Jr, 
Johnson A, Jacot JG. "Evaluation of endothelial cells differentiated from amniotic 
fluid-derived stem cells". Tissue Eng Part A. 2012 Jun;18(11-12):1123-31.  
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normal karyotype with a subpopulation of cells positive for the embryonic stem cell 

marker SSEA4, hematopoietic stem cell marker c-kit, and mesenchymal stem cell 

markers CD29, CD44, CD73, CD90, and CD105. Additionally, these cells were 

negative for the endothelial marker CD31 and hematopoietic differentiation marker 

CD45. AFSC were cultured in endothelial growth media with concentrations of 

vascular endothelial growth factor (VEGF) ranging from 1 to 100 ng/ml. After 2 

weeks, AFSC-EC expressed von Willebrand factor, endothelial nitric oxide synthase, 

CD31, VE-cadherin, and VEGF receptor 2. Additionally, the percentage of cells 

expressing CD31 was positively correlated with VEGF concentration up to 50 ng/ml, 

with no increase at higher concentrations. AFSC-EC showed a decrease in stem cells 

markers c-kit and SSEA4 and were morphologically similar to human umbilical vein 

endothelial cells (HUVEC). In functional assays, AFSC-EC formed networks and 

metabolized acetylated low-density lipoprotein, also characteristic of HUVEC. 

Nitrate levels for AFSC-EC, an indirect measure of nitric oxide synthesis, were 

significantly higher than undifferentiated controls and significantly lower than 

HUVEC. These results indicate that AFSC can differentiate into functional 

endothelial-like cells and may have the potential to provide vascularization for 

constructs used in regenerative medicine strategies. 

3.1. Introduction 

Human amniotic fluid-derived stem cells (AFSC) offer distinct advantages for 

use in the field of regenerative medicine when compared to other stem and 

progenitor cell types. AFSC have been shown to express markers characteristic of 
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both embryonic stem cells (ESC) and mesenchymal stem cells (MSC) (50, 198) and 

have the ability to differentiate across all three germ layers, including 

cardiovascular lineages (50, 52, 199), while maintaining the non-tumor forming 

properties of adult stem cells (200, 201). Additionally, AFSC are capable of 

maintaining prolonged undifferentiated proliferation at rates similar to ESC (50, 

202).   

AFSC lack a unique surface antigen that can be used for positive selection; 

one strategy for the enrichment of AFSC is based on the adherence of cells to plastic 

dishes within 24 to 48 hours (198, 203). This subpopulation can be further enriched 

by immunological selection based on expression of the membrane receptor c-kit, 

which is present in 1.0 to 5.0% of total cells in amniotic fluid and placenta (50, 198, 

202). In bone marrow-derived MSC, c-kit+ selection has been shown to be a marker 

of cardiovascular progenitor cells and also serves to remove mature cells from the 

adherent population (204).  

The use of growth factors, such as vascular endothelial growth factor (VEGF), 

to induce chemical-mediated endothelial differentiation of ESC and MSC is well 

characterized (10, 16, 19). In these stem cell populations, incubation with VEGF at 

concentrations of 50 ng/ml or higher has been shown to trigger production of 

proteins constitutively expressed in endothelial cells, such as von Willebrand factor 

(vWF) (10, 205, 206), endothelial nitric oxide synthase (eNOS) (206, 207), PECAM-

1/CD31 (17, 206, 208), vascular endothelial cadherin (VE-cadherin) (10, 17, 206), 

and VEGF receptor 2 (VEGFR2/KDR/Flk-1) (10, 17) and acquisition of functional 
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markers characteristic of endothelial cells, such as uptake of acetylated low density 

lipoproteins (ac-LDL) (17, 208) and network formation when plated on Matrigel 

(10, 17, 206, 207). While several groups have reported that AFSC exposure to 

similar VEGF concentrations results in certain endothelial phenotypes (3, 63), the 

functionality of endothelial cells differentiated from human AFSC as compared to a 

primary mature cell source, such as human umbilical vein endothelial cells (HUVEC), 

has yet to be thoroughly documented. 

In order to determine whether AFSC were capable of differentiation into 

functional endothelial cells, we cultured c-kit+ human AFSC in an endothelial growth 

medium with supplemental VEGF. We then quantified expression of the endothelial 

specific proteins vWF, eNOS, CD31, VE-cadherin, and VEGFR2, assessed 

morphological changes, evaluated the loss of stem cell specific markers post-

differentiation, and evaluated cell function through network formation, acetylated-

LDL uptake, VEGF basal levels, and nitric oxide production. 

3.2. Materials and methods 

3.2.1. Isolation of Human AFSC 

Primary human amniotic fluid (AF) was obtained from patients in their 

second trimester undergoing planned amnioreduction as part of a therapeutic 

treatment for twin-twin transfusion syndrome (TTTS). Collection from TTTS cases 

provides at least an 8-fold increase in amniotic fluid per patient compared to 

routine amniocentesis while maintaining a cell population with a normal karyotype. 
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The experimental protocol and informed consent forms were approved by the 

Institutional Review Boards of Baylor College of Medicine and Rice University. 

Isolation of AFSC was modified based on previously published studies (56, 198, 

203).  Amniotic fluid was centrifuged at 1200 rpm for 10 min, and collected cells 

were plated at 2500 cells/cm2 on standard plastic Petri dishes and cultured in a 

modified α-Minimum Essential Media: 63% αMEM (Invitrogen, Carlsbad, CA), 18% 

Chang Basal Medium (Irvine Scientific, Santa Ana, CA), 2% Chang C supplement 

(Irvine Scientific), 15% fetal bovine serum (PAA Laboratories, Dartmouth, MA), and 

GlutaMAX (Invitrogen) at 37°C and 5% CO2 in a humidified environment. Media was 

changed every two to three days, and cells were passaged at 60-70% confluence. At 

the first passage, a subpopulation of progenitor cells was isolated through 

fluorescence-activated cell sorting for expression of the membrane receptor 

CD117/c‐kit (BD Biosciences, Bedford, MA). Cell colonies were detached into single 

cells (Accutase; Sigma-ALdrich, St. Louis, MO; 37°C, 10 min), and c-kit+ cells were 

collected using a Dako MoFlo sterile cell sorter. 

3.2.2. Analysis of Undifferentiated, C-kit+ Amniotic Fluid Cells 

Standard G-banding karyotyping was performed on undifferentiated AFSC at 

passage 5. Additionally, flow cytometry using a BD LSR II Flow Cyotmeter was 

performed to evaluate the expression of the embryonic stem cell marker SSEA4, 

hematopoietic stem cell marker c-kit, mesenchymal stem cell markers CD29, CD44, 

CD73, CD90, and CD105, endothelial marker CD31, and hematopoietic 

differentiation marker CD45. All flow cytometry antibodies and corresponding 
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isotype controls were purchased from BD Biosciences, specific to human proteins, 

and used at manufacturer recommended concentrations. FACSDiva software (BD 

Biosciences) was used for all flow cytometry data collection. FlowJo software (Tree 

Star, Inc., Ashland, OR) was used for data analysis. 

3.2.3. Endothelial Differentiation of AFSC 

C-kit+ AFSC at passage 4 were plated on gelatin coated 12-well plates at a 

density of 3000 cells/cm2, allowed to attach for 24 hours in the modified αMEM, 

then cultured in Endothelial Growth Media 2 (EGM-2; Lonza, Walkersville, MD) with 

a total concentration of either 1, 5, 10, 25, 50, or 100 ng/ml VEGF (VEGF165, Pierce 

Biotechnology, Rockford, IL). EGM-2 contained epidermal growth factor, 

hydrocortisone, GA-1000 (gentamicin, amphotericin-b), fetal bovine serum, basic 

fibroblast growth factor, insulin-like growth factor, ascorbic acid, and heparin at 

manufacturer concentrations. All VEGF concentrations are final concentrations and 

not in addition to the 2 ng/ml supplied by Lonza.  

 

Figure 3.1 – Endotheilal differentiation protocol overview 
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Media was changed every 2-3 days, and the degree of differentiation was 

assessed after 14 days. Human umbilical vein endothelial cells (HUVEC, courtesy of 

Nancy Turner, Rice University) cultured in EGM-2 without supplemental VEGF were 

used as a positive control while c-kit+ AFSC in modified  αMEM were used as a 

negative control. Both controls were analyzed at passage 4. 

3.2.4. Immunostaining 

To observe the presence and localization of endothelial-like cells, the 

differentiated AFSC population was fixed with 4% paraformaldehyde (Alfa Aesar, 

Ward Hill, MA), permeabilized with Triton X100 (CalBioChem, San Diego, CA), 

blocked with 1% bovine serum albumin (BSA; EMD Chemicals, Gibbstown, NJ) for 1 

hr at 25°C, and stained with antibodies against human von Willebrand Factor (vWF, 

V8 Protease Fragment II; QED Bioscience Inc., San Diego, CA), endothelial nitric 

oxide synthase (eNOS; Abcam Inc., Cambridge, MA), vascular endothelial growth 

factor receptor 2 (VEGFR2, Sigma-Aldrich), and vascular endothelial cadherin (VE-

cadherin, BD Bioscience). Primary antibodies were used at a concentration of 1:100 

overnight at 4°C, with secondary antibodies (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA)) diluted to 1:800 used for 30 min at 25°C. Cells 

were then counterstained with DAPI with Vecta Shield (Vector, Burlingame, CA). 

Undifferentiated AFSC and differentiated AFSC incubated with secondary antibodies 

alone served as negative controls, while HUVEC served as positive controls. Images 

were obtained using a DMI 6000B (Lieca Microsystems, Bannockburn, IL) 

fluorescence microscope. 
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3.2.5. Morphology 

ImageJ was used to process phase contrast images through thresholding and 

calculate the circularity index, computed as 4π*area/(perimeter)2, of each in-frame 

cell.  

3.2.6. Post-Differentiation Flow Cytometry 

Using the flow cytometry protocol and equipment described previously, 

differentiated AFSC were detached into single cells and stained with fluorescently 

conjugated antibodies. Targets and their respective isotype controls were as 

follows: CD31 (FITC IgG1κ), VE-cadherin (PE IgG1κ), VEGFR2 (AF647 IgG1), SSEA4 

(PE IgG3κ), c-kit (PE IgG1κ). All flow cytometry antibodies and corresponding 

isotype controls were purchased from BD Biosciences, specific to human proteins, 

and used at manufacturer recommended concentrations. 

3.2.7. Western Blotting 

Western blot antibodies were purchased from Abcam Inc., electrophoresis 

and transfer materials were purchased from Bio-Rad (Hercules, CA), and developing 

materials were purchased from Thermo Scientific. After 14 days of differentiation, 

total protein lysates were isolated from AFSC and analyzed using a bicinchoninic 

acid kit (BCA; Thermo Scientific, Rockford, IL). Extracts were denatured using β-

mercaptoethanol and boiling for 5 min, then diluted to equal concentrations of total 

protein. The samples were electrophoresed by 0.1% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto nitrocellulose 
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membranes at 100 V for 1.5 and 1.0 hrs, respectively. Membranes were washed in 

tris-buffered saline with 0.05% Tween-20 (TBST), then blocked with 5% non-fat 

milk in TBST to reduced non-specific binding. Membranes were incubated overnight 

at 4°C with rabbit polyclonal antibodies against eNOS (1:300 dilution in TBST) and 

mouse monoclonal antibodies against GAPDH (1:1000 dilution in TBST). 

Membranes were washed and incubated for 30 min at 25°C with secondary 

antibodies conjugated to horseradish peroxidase (HRP) at a dilution of 1:1000. A 1 

min Luminol reagent exposure was used to provide chemiluminescence, and images 

were developed using high-sensitivity x-ray film. Western blots were normalized to 

GAPDH expression. Western blot analyze was performed using Image J (NIH, 

Bethesda, MD). 

3.2.8. Functional Analysis of Differentiated AFSC 

3.2.8.1. Network Formation on Matrigel 

The potential for differentiated AFSC to form networks was assessed using 

Growth Factor Reduced Matrigel Matrix (BD Biosciences) according to the 

manufacturer’s instructions. Briefly, Matrigel was allowed to thaw on ice overnight, 

and then added to culture plates at a concentration of 50 μL/cm2. The coated plates 

were then incubated at 37°C for at least 30 min to allow for solidification. AFSC 

cultured for 14 days in EGM-2 supplemented with VEGF were dissociated with 

trypsin (Thermo Scientific), replated at 7,500 cells/cm2 on the Matrigel substrate, 

and incubated at 37°C for 24 hours. Network formation was assessed using standard 

light microscopy and the percentage of cells connected was determined by 
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thresholding using ImageJ, then manually counting cells that were constituents of 

networks. In all functional assays, samples were compared to undifferentiated AFSC 

and HUVEC under the same protocols. 

3.2.8.2. Ac-LDL Uptake 

Endothelial function was measured in terms of uptake of acetylated low 

density lipoprotein (ac-LDL). AFSC cultured for 14 days in EGM-2 supplemented 

with VEGF were incubated with 10 μg/mL Alexa Fluor 488 conjugated ac-LDL 

(Invitrogen) for 4 hours, then fixed with 4% paraformaldehyde and counterstained 

with DAPI. For statistical analysis, in-frame cells were manually scored in terms of 

degree of metabolized ac-LDL and categorized as either negligible fluorescence, 

marginal to moderate fluorescence, or strong fluorescence (similar to HUVEC). The 

percentage of cells in each category was averaged across multiple frames, and then 

compared by cell type. 

3.2.8.3. VEGF Production 

Basal levels of VEGF production were assessed using a human VEGF-specific 

enzyme-linked immunosorbent assay (ELISA) (Quantikine kit, R&D Systems, Inc., 

Minneapolis, MN). Cells were rinses and incubated in EGM-2 without supplemental 

VEGF for 48 hours. According to manufacturer protocols, cell culture supernatants 

were collected and centrifuged, then incubated with HRP-conjugated antibody 

against VEGF for 2 hours. A substrate solution was added to the wells and color 

developed in proportion to the amount of bound VEGF. The optical density of each 
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well was determined at 450 nm, with a correction wavelength of 540 nm, using an 

Infinite M1000 PRO microplate reader (Tecan, Switzerland). 

3.2.8.4. Nitric Oxide Production 

The Measure-iT High-Sensitivity Nitrite Assay Kit (Invitrogen) was used 

according to manufacturer recommendations to provide a surrogate for detection of 

nitric oxide. Briefly, the total byproduct of nitric oxide was measured in the form of 

nitrites after conversion of nitrates via nitrate reductase. Total nitrite levels for 

differentiated AFSC were calculated based on a nitrite calibration curve, then 

normalized to total protein levels for each sample. 

3.2.9. Statistical Analysis 

Data are expressed as mean ± standard deviation. The sample numbers for 

each experiment are represented in their respective figures. ANOVA analysis 

followed by a post-hoc student t-test with a Dunn-Bonferroni correction for multiple 

comparisons was performed for all comparisons.  A value of p<0.05 was considered 

significant in all tests. 

3.3. Results 

3.3.1. Isolation and Characterization of AFSC 

Adherent AFSC were successfully isolated from 100 mL samples of amniotic 

fluid and had a fibroblast-like, spindle-shaped morphology similar to that of MSC 
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(Fig 3.2A). Standard G-banding karyotyping revealed a normal diploid male 

karyotype in 18/20 metaphase spreads. The remaining 2 spreads showed a 

tetraploid karyotype (Fig 3.2B). 

Flow cytometry on undifferentiated AFSC, sorted for c-kit+ at passage 2 and 

then cultured through passage 5, showed the cells were strongly positive for the ESC 

marker SSEA4, MSC markers CD29, CD44, CD73, CD90, and CD105, and the 

immunological marker HLA-ABC, while a subpopulation (25.5%) of these cells 

expressed c-kit. Additionally, AFSC were negative for the immunological marker 

HLA-DR, the hematopoietic differentiation marker CD45, and the endothelial 

marker PECAM-1/CD31 (Fig 3.2C). These results are comparable to those of other 

groups (3, 50, 63, 198). 

 
Figure 3.2 - Characterization of undifferentiated AFSC  

AFSC were sorted for c-kit+ cells at passage 2, cultured to passage 5 and 

analyzed. (A) Light microscopy reveals a spindle-shaped morphology similar 

to MSC. Scale bar is 100 µm (B) Standard G-banding karyotyping of AFSC 

shows a normal diploid male karyotype. (C) FACS analysis reveals expression 

of immunological marker HLA-ABC, but not HLA-DR, expression of embryonic 

and mesenchymal stem cell markers SSEA4, c-kit, CD29, CD44, CD73, CD90 and 
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CD105, and no significant expression of endothelial (CD31) and hematopoietic 

(CD45) differentiation markers. 

 

3.3.2. Differentiation of AFSCs into Endothelial-Like Cells 

Differentiation of AFSC into endothelial-like cells (AFSC-EC) was induced by 

incubating AFSC in the presence of VEGF concentrations of 1, 5, 10, 25, 50, or 100 

ng/ml. Immunofluorescence showed protein staining and localization characteristic 

of endothelial cells. Undifferentiated AFSC showed no specific staining for vWF, 

eNOS, VEGRF2, or VE-cadherin, while AFSC after incubation in 50 ng/ml VEGF for 2 

weeks had significantly enhanced expression of each of these proteins (Fig 3.3A-B). 

Staining localization in differentiated AFSC was similar to that of HUVEC, though the 

percentage of cells expressing these markers, and therefore overall intensity, was 

reduced. Incubation of AFSC-EC with secondary antibodies alone resulted in 

negligible fluorescence (Fig 3.3C). 
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Figure 3.3 – Protein localization within AFSC-derived endothelial cells 

 (A) Immunostaining for von Willebrand factor (green) and endothelial nitric 

oxide synthase (red) and (B) VEGFR2 (green) and VE-cadherin (red) in (from 

top to bottom) undifferentiated AFSC, AFSC-EC after 2 weeks of culture at 50 
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ng/ml VEGF, and HUVEC controls. (C) Images taken of AFSC-EC at identical 

exposures without primary antibodies, as negative controls. Nuclei 

counterstained with DAPI (blue), overlap shown at right.  Scale bars are 100 

µm. 

 

Based on a circularity index between 0 and 1, AFSC-EC morphology after 14 

days was significantly different when compared to undifferentiated AFSC (n=10 

frames; 0.61 ± 0.08 vs 0.21 ± 0.08, respectively; p<0.001) and similar to that of 

HUVEC (0.64 ± 0.17) (Fig 3.4A).  

The ability to form interconnected networks was assessed by plating 

undifferentiated AFSC, differentiated AFSC cultured in 50 ng/ml VEGF, and HUVEC 

on Matrigel thin films. Few undifferentiated AFSC showed network formation (n=10 

frames; 5.2 ± 3.6%) and the vast majority of the cells maintained a rounded 

morphology. After differentiation, significantly more AFSC-EC formed networks 

(72.6 ± 6.8%; p<0.001), though less than HUVEC controls (94.5 ± 4.3%; p<0.001) 

(Fig 3.4B).  

 

 Functional characterization was also performed by assessing uptake of 

AF488-conjugated ac-LDL. Undifferentiated AFSC showed little to no phagocytosis 

of ac-LDL (n=10 frames; 0.02 ± 0.04%), while AFSC after incubation in 50 ng/ml 

VEGF after 2 weeks showed a varying degree of ac-LDL uptake. A majority of the 

total population of AFSC-EC showed some degree of ac-LDL uptake (64.5 ± 10.9%; 

p<0.001 vs AFSC), whereas a smaller, yet still significant population (43.9 ± 7.1%; 
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p<0.001 vs AFSC) showed similar ac-LDL uptake patterns to those of the HUVEC 

positive control (93.7 ± 6.0)(Fig 3.4C-D).    

The levels of basal VEGF expression (pg/106 cells) over 48 hours by AFSC-EC 

across all VEGF incubation concentrations (n=5; 742 ± 28, 787 ± 58, 815 ± 52, 836 ± 

33, 828 ± 7, 796 ± 51) was significantly greater than undifferentiated AFSC (151 ± 

14; p<0.005 for all conditions) and significantly lower than HUVEC controls (1470 ± 

267; p<0.005 for all conditions) (Fig 3.4E).  
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Figure 3.4 – Functional assessment of AFSC-derived endothelial cells 

(A) Morphological analysis of AFSC, AFSC-EC differentiated at 50 ng/ml VEGF 

for 14 days, and HUVEC based on a circularity index between 0 and 1 (n=10 

frames; 0.21 ± 0.08, 0.61 ± 0.08, 0.64 ± 0.17, respectively). *p<0.001 compared 

to AFSC. Scale bars are 100µm.  (B) Assessment of network formation by AFSC, 

AFSC-EC, and HUVEC on Matrigel (n=10 frames; 5.2 ± 3.6%, 72.6 ± 6.8%,94.5 ± 

4.3%, respectively; *p<0.001 vs AFSC, #p<0.001 vs AFSC-EC). Confocal 

fluorescence imaging of phalloidin (green) counterstained with DAPI (blue). 

Scale bars are 200µm. (C-D) Fluorescence imaging of acetylated low-density 

lipoprotein (green) and percentage of AFSC, AFSC-EC, and HUVEC metabolizing 

ac-LDL (n=10 frames; 0.02 ± 0.04%, 66.5 ± 11.4%, 93.7 ± 6.0, respectively; 

*p<0.001 vs AFSC, #p<0.001 vs AFSC-EC). Nuclei counterstained with DAPI 

(blue), overlap at right. Scale bars are 50µm. (E) Basal VEGF expression 

(pg/106 cells) over 48 hours by AFSC (n=5; 151 ± 14), AFSC-EC across all VEGF 

incubation concentrations (742 ± 28, 787 ± 58, 815 ± 52, 836 ± 33, 828 ± 7, 

796 ± 51), and HUVEC (1470 ± 267). *p<0.005 compared to AFSC-EC across all 

concentrations. Error bars are ± S.D. 

 Quantitative flow cytometry of CD31 expression compared to VEGF 

concentration in culture conditions showed a positive correlation. Undifferentiated 

AFSC had a minimal CD31 expressing cells (n=5 with 5x105 cells/run; 1.6 ± 0.6%), 

whereas AFSC-EC showed increased CD31 expression at VEGF incubation 

concentrations of 1, 5, 10, 25, 50, and 100 ng/ml after 2 weeks (5.8 ± 2.5%, 6.2 ± 

3.3%, 8.1 ± 3.8%, 9.6 ± 2.7%, 22.6 ± 7.4%, 13.5 ± 3.4%, respectively) (Fig 3.5A-B). 

AFSC-EC incubated with 50 ng/ml VEGF displayed significantly increased CD31 

expression compared to AFSC (p<0.05), and decreased compared to HUVEC (85.8 ± 

6.7%; p<0.001 vs AFSC-EC). Similarly, the percentage of VE-cadherin and VEGFR2 

positive AFSC-EC at 50 ng/ml VEGF (n=1 run with 5x105 cells; 21.7% and 30.7%, 

respectively), were higher than those of AFSC (0.9% and 1.2%) and lower than 

those of HUVEC (38.3% and 99.6%) (Fig 3.5C), and a subpopulation of AFSC-EC that 

was triple positive for CD31, VE-cadherin, and VEGFR2 expression were identified 
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(8.9% of total population) (Fig 3.5D). AFSC-EC also showed a decrease in 

expression of the stem cell markers c-kit and SSEA4 compared to undifferentiated 

AFSC (0.3% and 35.0%, respectively, down from 25.5% and 74.2%) (Fig 3.5E). 

 

Figure 3.5 – Flow cytometry analysis of AFSC-derived endothelial cells 

(A-B) CD31 expression in AFSC, AFSC-EC across all VEGF concentrations, and 

HUVEC shown as percentage increase versus isotype controls (n=5 with 5x105 

cells/run; 1.6 ± 0.6%;  5.8 ± 2.5%, 6.2 ± 3.3%, 8.1 ± 3.8%, 9.6 ± 2.7%, 22.6 ± 

7.4%, 13.5 ± 3.4%; 85.8 ±6.7%; *p<0.05 vs AFSC, #p<0.001 vs AFSC-EC). (C) VE-

cadherin and VEGFR2 expression in AFSC-EC at 50 ng/ml VEGF (n=1 run with 

5x105 cells; 21.7% and 30.7%, respectively) and HUVEC (38.3% and 99.6%). 

(D) Subpopulation of AFSC-EC at 50 ng/ml VEGF triple positive for CD31, VE-

cadherin, and VEGFR2 expression (8.94% of total population). (E) Reduced 

expression of stem cell markers c-kit and SSEA4 post-differentiation in AFSC-

EC (0.3% and 35.0%, respectively). Error bars are ± S.D. 
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eNOS expression in AFSC-EC at 50 ng/ml VEGF was significantly greater than 

in undifferentiated AFSC controls (n=5; fluorescence intensities of 3000 ± 320 and 

157 ± 61, respectively, normalize to GAPDH; p<0.001), although significantly less 

than HUVEC controls (3870 ± 130; p<0.05). The expression of eNOS significantly 

correlates with VEGF concentration (Fig 3.6A-B). Note also the double-banding 

pattern present in HUVEC controls and AFSC-EC (~130 kDa and 110 kDa). This 

pattern has been observed previously in other studies (209, 210) and possibly 

results from alternative splicing or degradation.  Correspondingly, eNOS activity of 

AFSC-EC at 50 ng/ml VEGF, analyzed through measurement of nitrite levels 

normalized to total protein concentration, was significantly greater than in 

undifferentiated AFSC controls (17.33 ± 1.44 vs 9.88 ± 0.82 nmol/mg; p<001), and 

significantly less than HUVEC controls (19.81 ± 1.25 nmol/mg; p<0.05)(Fig 3.6C). 

Agreement between eNOS production, the formation of nitric oxide, and CD31 

expression confirms a correlation between VEGF concentration and acquisition of 

endothelial-like properties by differentiated AFSC. 
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Figure 3.6 – Analysis of nitric oxide synthesis in AFSC-EC 

(A) Western blot analysis of endothelial nitric oxide synthase expression in 

AFSC, AFSC-EC, and HUVEC (B) GAPDH-normalized expression of eNOS for 

AFSC, AFSC-EC  at 50 ng/ml, and HUVEC (n=5; 157 ± 61, 3000 ± 320, 3870 ± 

130; *p<0.001, #p<0.05) (C) Nitrate levels of AFSC, AFSC-EC  at 50 ng/ml, and 

HUVEC normalized to total protein concentration (n=5; 9.88 ± 0.82 nmol 

nitrite/mg, 17.33 ± 1.44 nmol nitrite/mg, and 19.81 ± 1.25 nmol/mg; 

*p<0.001, #p<0.05). Error bars are ± S.D. 
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3.4. Discussion 

Broad potential for differentiation, a high rate of proliferation, and the ease 

of isolation make AFSC well suited for use in autologous or allogeneic regenerative 

medicine therapies (211-213).  This study illustrates the capability of c-kit+ AFSC to 

differentiate into endothelial-like cells on both the protein expression and cell 

function levels. Growth factor induced-differentiation of AFSC was augmented by 

supplementation of VEGF in EGM-2, and a plateau in the acquisition of endothelial-

like characteristics was determined to occur between 25 and 50 ng/ml VEGF over 

the course of 2 weeks. These findings are consistent with recent literature that has 

examined VEGF-induced differentiation of embryonic and mesenchymal stem cells 

(10, 16, 19, 205-207). 

Several distinct sub-populations of amniotic fluid-derived cells express 

mulitpotency markers, but c-kit+ AFSC have consistently been shown to have the 

potential to differentiate into endothelial-like cells (50, 198, 202).  This 

immunoselection method is effective at deriving stem cell-like AFSC from the initial 

heterogeneous cell population. However, this technique is limited in its clinical 

application due to the use of xenogenic antibodies.  While the method used in this 

paper is appropriate for the current investigation, isolation without xeno-

immunogenic substances would be necessary to make differentiated cells safe for 

human use (214). C-kit+ endothelial progenitor cells such as these could be utilized 

for the development of engineered blood vessels, vascularization of engineered 

tissues, and promotion of vessel growth in ischemic tissue. 
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Previous studies have observed endothelial differentiation of AFSC when 

cells were cultured in EGM-2 supplement with 2 ng/ml recombinant human basic 

fibroblast growth factor for 8 days, as determined by CD31 expression alone, or 

either 10 or 50 ng/ml VEGF for 14 days, with results quantified by combined CD31 

and vWF expression (3, 56, 63). Although the molecular mechanisms responsible for 

vasculogenesis and angiogenesis are currently not fully understood, the importance 

of the VEGF signaling pathway for both processes is evident (215). Therefore, VEGF 

is often used as the primary stimulus for chemical-mediated differentiation of 

amniotic fluid-derived, mesenchymal, and embryonic stem cells into endothelial 

cells in vitro.  Additionally, the effect of shear force and hypoxia on the stimulation of 

vWF, eNOS, and VEGF production has been examined in ESC, MSC, and AFSC (21, 22, 

56). Across these studies, including our own, endothelial marker expression was 

seen as early as 1 week, though expression was significantly increased within the 

second week of VEGF exposure. 

The enzyme eNOS plays an essential role downstream of VEGF signaling 

pathway, stimulating migration, proliferation, and vasodilation in vivo through nitric 

oxide production. Genetic upregulation of eNOS has been shown to increase VEGF-

dependent neovascularization, suggesting eNOS expression in our differentiated 

cells can further promote the endothelial phenotype (216).  

When AFSC were cultured in media without VEGF, immunofluorescent 

staining did not reveal vWF, eNOS, VE-cadhern, or VEGFR2 expressions, which are 

all constitutively expressed in mature endothelial cells. However, significant 
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expression of these markers was present with the addition of VEGF at 50 ng/ml to 

EGM-2 for 2 weeks, and localization of vWF in Weibel-Palade bodies, as well as 

eNOS, VE-cadherinin, and VEGFR2 in cell membranes was observed in these 

samples. Incubation of differentiated AFSC in secondary antibodies alone did not 

reveal significant fluorescence, confirming the specificity of the primary antibodies 

used. Analysis using Western blotting revealed increased expression of eNOS as a 

function of VEGF concentrations ranging from 1 to 50 ng/ml with no significant 

increase in marker expression at higher concentrations. To our knowledge, this 

study shows for the first time that AFSC-EC are capable of producing functional 

eNOS, as determined by nitric oxide production, at physiologically relevant 

concentrations.   

Further examination revealed that CD31 expression by AFSC-EC was also 

dependent on VEGF. Over a range of VEGF concentrations from 1-100 ng/ml, 50 

ng/ml resulted in maximal expressions of eNOS and CD31 expression, with little to 

no added acquisition of endothelial properties at higher VEGF concentrations. In 

some cases, concentrations of VEGF as high as 100 ng/ml had the potential for 

reduced efficacy, as shown in this study through CD31 expression and prior studies 

with embryonic stem cells (19). Additionally, the basal level of VEGF production by 

AFSC-EC across all VEGF concentrations was negligible compared to supplemental 

concentrations. At the optimal VEGF concentration, post-differentiation analysis 

showed a decrease in the stem cell markers SSEA4 and c-kit and the presence of a 

subpopulation of AFSC-EC that were triple positive for CD31, VE-cadherin, and 

VEGFR2, which supports the hypothesis of endothelial differentiation.  
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AFSC-EC were morphologically similar to HUEVC and, in addition to nitric 

oxide production, displayed other functional characteristics of fully mature 

endothelial cells. Vasculogenic potential of these cells was shown by assessing the 

formation of networks when plated on a semi-solid substrate, and internalization of 

ac-LDL distinctly identified endothelial cells based on metabolic activity. The 

primary advantages of using ac-LDL metabolism as a marker are that it allows for 

labeling of live endothelial cells without the need for fixation or permeabilization to 

optimize staining, does not affect cell viability, and is not removed during 

trypsinization due to incorporation into lysosomal membranes; therefore, the use of 

fluorescently labeled ac-LDL will allow for isolation of AFSC-EC from the 

undifferentiated AFSC population. 

AFSC isolated through adherence and c-kit+ immunoselection, then exposed 

to 50 ng/ml VEGF for 14 days, express key endothelial molecular markers (vWF, 

eNOS, CD31, VE-cadherin, and VEGFR2), were morphologically similar to HUVEC, 

and display functional phenotypes associated with endothelial cells (nitric oxide 

production, network formation, and ac-LDL uptake). These results suggest that 

AFSC are able to differentiate into functional endothelial cells in vitro and are suited 

for evaluation for vasculogenic potential within a tissue-engineered construct in 

vivo. 
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Chapter 4 

Capillary-like Network Formation by 

Human Amniotic Fluid-Derived Stem 

Cells within Fibrin/Poly(Ethylene 

Glycol) Hydrogels 

ABSTRACT: A major limitation in tissue engineering strategies for congenital 

birth defects is the inability to provide a significant source of oxygen, nutrient, and 

waste transport in an avascular scaffold. Successful vascularization requires a 

reliable method to generate vascular cells and a scaffold capable of supporting 

vessel formation. Broad potential for differentiation, high proliferation rates, and 

autologous availability for neonatal surgeries make amniotic fluid-derived stem 

cells (AFSC) well suited for regenerative medicine strategies. AFSC-derived 

endothelial cells (AFSC-EC) express key proteins and functional phenotypes 

associated with endothelial cells. Fibrin-based hydrogels were shown to stimulate 

AFSC-derived network formation in vitro but were limited by rapid degradation. 
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Incorporation of poly(ethylene glycol) (PEG) provided mechanical stability 

(65%±9% weight retention vs 0% for fibrin-only at day 14) while retaining key 

benefits of fibrin-based scaffolds – quick formation (10±3sec), biocompatibility 

(88%±5% viability), and vasculogenic stimulation. To determine feasibility of AFSC-

derived microvasculature, we compared AFSC-EC as a vascular cell source and AFSC 

as a perivascular cell source to established sources of these cell types – human 

umbilical vein endothelial cells (HUVEC) and mesenchymal stem cells (MSC), 

respectively. Co-cultures were seeded at a 4:1 endothelial-to-perivascular cell ratio, 

and gels were incubated at 37°C for 2 weeks. Mechanical testing was performed 

using a stress-controlled rheometer (G’=95±10Pa), and cell-seeded hydrogels were 

assessed based on morphology. Network formation was analyzed based on key 

parameters such as vessel thickness, length, and area, as well as the degree of 

branching. There was no statistical difference between individual cultures of AFSC-

EC and HUVEC in regard to these parameters, suggesting the vasculogenic potential 

of AFSC-EC; however, the development of robust vessels required the presence of 

both an endothelial and a perivascular cell source and was seen in AFSC co-cultures 

(70%±20% vessel length, 90%±10% vessel area, and 105%±10% vessel thickness 

compared to HUVEC/MSC). At a fixed seeding density, the co-culture of AFSC with 

AFSC-EC resulted in a synergistic effect on network parameters similar to MSC 

(150% vessel length, 147% vessel area, 150% vessel thickness, and 155% 

branching). These results suggest AFSC-EC and AFSC have significant vasculogenic 

and perivasculogenic potential, respectively, and are suited for in vivo evaluation. 
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4.1. Introduction 

The clinical applications of tissue engineering are currently limited by the 

inability to provide a significant source of oxygen, nutrient, and waste transport to 

implanted constructs in the initial phase after implantation.(67) Both natural and 

engineered tissues more than 200μm thick require suitable vascular support to 

maintain cell viability and function.(64) As a result, clinical success has generally 

been restricted to thin or avascular tissues, such as bladder, cartilage, and skin.(71) 

To address this requirement, previous studies have investigated factors and 

scaffolds that stimulate angiogenesis, driving invasion of host-derived blood vessels 

into implanted constructs,(68) and prevascularized scaffolds, generating 

microvascular networks in vitro prior to implantation.(217) Post-implantation, 

vascular ingrowth can occur in response to encapsulated cells experiencing hypoxia 

and secreting angiogenic cytokines or the addition of exogenous cytokines.  

However, the development of new blood vessels is time-intensive and can 

only be accelerated to a limited extent. The rate of spontaneous angiogenesis is on 

the order of tenths of a micron per day,(69) while chemotaxis-driven ingrowth has 

been estimated at several microns per hour.(218, 219) The time to complete 

perfusion increases significantly with volume, during which hypoxia in the core of 

the implant, along with nutrient and oxygen gradients in the outer regions, could 

result in non-uniform cell viability and thus decreased tissue function.(70) On the 

other hand, prevascularization strategies generate microvascular networks within 
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tissue prior to implantation, resulting in reperfusion driven by anastamosis rather 

than angiogenesis, and are much less dependent on scaffold size.(217) 

The engineering of robust vascular structures requires both an endothelial 

cell source and a perivascular cell source, such as mesenchymal stem cells (MSC), 

dermal fibroblasts, or marrow stromal cells, which increases cell survival and 

proliferation.(220) Broad potential for differentiation, high proliferation rates, and 

ease of isolation, make human amniotic fluid-derived stem cells (AFSC) well suited 

for regenerative medicine strategies.(50) AFSC could also prove to be a significant 

source for autologous therapies in neonates such as in an engineered cardiovascular 

patch for Tetralogy of Fallot repair(221) or to aid in vascular reconstruction of other 

congenital defects.(194) AFSC isolated and differentiated into endothelial cells in 

previous studies from our group express key endothelial molecular markers (vWF, 

eNOS, and CD31), display functional phenotypes associated with endothelial cells 

(nitric oxide production and ac-LDL uptake), and form networks when encapsulated 

in Matrigel,(222) all of which suggests vasculogenic potential. Additionally, AFSC 

have a similar morphology, surface marker expression, and differentiation capacity 

as compared to MSC, a proven source of perivascular cells, suggesting the potential 

use of AFSC as a vascular support cell source.(50, 199, 200, 222, 223)  

Fibrin-based hydrogels stimulate vascularization and are used in clinical 

applications such as growth factor delivery and cell encapsulation, making them an 

appropriate platform for assessing the vasculogenic potential of AFSC.(169) The 

main limitation associated with fibrin in tissue engineering is rapid degradation, 
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which leads to loss of implant volume within days.(224) Incorporation of 

poly(ethylene glycol) (PEG), which is known for biocompatibility and tunable 

physical properties, allows for increased mechanical stability while retaining the 

key benefits of fibrin-based scaffolds – quick formation, biocompatibility, and 

angiogenic stimulation.(175) Based on this data, we hypothesized that a population 

of stem cells derived from human amniotic fluid and differentiated into endothelial 

cells could form cohesive vascular networks within a fibrin/PEG matrix. In this 

study, we compared three-dimensional network formation by AFSC-EC to that of a 

mature endothelial cell source, human umbilical vein endothelial cells, using 

quantitative assessment of morphometric and spatial vessel parameters. 

4.2. Materials and methods 

4.2.1. Isolation of Human AFSC 

Primary human amniotic fluid (AF) was obtained from patients in their 

second trimester undergoing planned amnioreduction as part of a therapeutic 

treatment for twin-twin transfusion syndrome (TTTS) as previously 

described.(222) Collection from TTTS cases provides at least an eightfold increase 

in amniotic fluid per patient compared to routine amniocentesis while maintaining a 

cell population with a normal karyotype. The experimental protocol and informed 

consent forms were approved by the Institutional Review Boards of Baylor College 

of Medicine and Rice University. Briefly, AF was centrifuged for 10 min at 150 rcf, 

and collected cells were plated at 2500 cells/cm2 on standard plastic Petri dishes 
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and cultured in modified α-Minimum Essential Media: 63% αMEM (Invitrogen, 

Carlsbad, CA), 18% Chang Basal Medium (Irvine Scientific, Santa Ana, CA), 2% 

Chang C supplement (Irvine Scientific), 15% fetal bovine serum (PAA Laboratories, 

Dartmouth, MA), and GlutaMAX (Invitrogen) at 37°C and 5% CO2 in a humidified 

environment. Cells were passaged at 60-70% confluency and AFSC were isolated 

through fluorescence-activated cell sorting for expression of the membrane 

receptor CD117/c‐kit (1:100 antibody concentration, BD Biosciences, Bedford, MA; 

Dako-Cytomation MoFlo sterile cell sorter). 

4.2.2. Analysis of Undifferentiated, C-kit+ Amniotic Fluid Cells 

Standard G-banding karyotyping was performed on undifferentiated AFSC at 

passage 5. Additionally, flow cytometry (BD LSR II Flow Cytometer) was performed 

to evaluate the expression of the embryonic stem cell markers SSEA4, Oct-4, Sox2, 

Tra-1-60/81, and c-myc and the mesenchymal stem cell markers c-kit, CD29, CD44, 

CD73, CD90, and CD105. All flow cytometry antibodies and corresponding isotype 

controls were purchased from BD Biosciences, specific to human proteins, and used 

at manufacturer recommended concentrations. Staining for intracellular markers 

was performed after fixing and permeabilizing cells.  FACSDiva software (BD 

Biosciences) was used for all flow cytometry data collection. FlowJo software (Tree 

Star, Inc., Ashland, OR) was used for data analysis. 
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4.2.3. Endothelial Differentiation of AFSC 

AFSC were differentiated into endothelial-like cells as previously described. 

Briefly, c-kit+ AFSC at passage 4 were plated at 3000 cells/cm2 on gelatin-coated 

plates, allowed to attach for 24 hours in modified αMEM, then cultured in 

Endothelial Growth Media 2 (EGM-2; Lonza, Walkersville, MD) with a final 

concentration of 50 ng/ml vascular endothelial growth factor (VEGF165; Pierce 

Biotechnology, Rockford, IL). EGM-2 contained epidermal growth factor, 

hydrocortisone, GA-1000 (gentamicin, amphotericin-b), fetal bovine serum, basic 

fibroblast growth factor, insulin-like growth factor, ascorbic acid, and heparin at 

manufacturer concentrations. Media was changed every 2 days, and the degree of 

differentiation was assessed after 14 days. Human umbilical vein endothelial cells 

(HUVEC, courtesy of Joel Moake, Rice University) cultured in complete EGM-2 

without supplemental VEGF were used as a positive control while c-kit+ AFSC in 

modified αMEM were used as a negative control. Both controls were analyzed at 

passage 5. 

4.2.4. Post-Differentiation Flow Cytometry 

Using the flow cytometry protocol and equipment described previously, 

differentiated AFSC were detached into single cells and stained with fluorescently 

conjugated antibodies. Targets and their respective isotype controls were as 

follows: CD31 (FITC IgG1κ), VE-cadherin (PE IgG1κ), VEGFR2 (AF647 IgG1), SSEA4 

(PE IgG3κ), c-kit (PE IgG1κ), HLA-DR (FITC IgG2b), and HLA-ABC (PE IgG1). All flow 

cytometry antibodies and corresponding isotype controls were purchased from BD 



 77 

Biosciences, specific to human proteins, and used at manufacturer recommended 

concentrations. Additionally, a subset of the differentiated population was sorted 

based on CD31 expression. This endothelial-like population was referred as AFSC-

EC. 

4.2.5. Production of Fibrin/PEG Hydrogels 

Fibrin/PEG-based hydrogels were prepared based on work previously 

described.(175, 225, 226) Human fibrinogen (F3879, Sigma-Aldrich, St Louis, MO) 

was solubilized in phosphate-buffered saline (PBS, 21-030-CV; Corning, Manassas, 

VA; adjusted to pH 7.8) at a concentration of 80 mg/mL. After 2 hours of incubation 

at 37°C and brief vortexing, the solution was sterilized using a 0.20 µm SteriFlip 

filter (EMD Millipore, Billerica, MA). Succinimidyl glutarate-modified bifunctional 

poly(ethylene glycol) (3.4 kDa SG-PEG-SG; NOF America Corporation, White Plains, 

NY) was dissolved in PBS at 8 mg/ml and syringe filtered. Fibrinogen and PEG 

solutions were combined in a 1:1 volume ratio, mixed thoroughly, and incubated at 

37°C for 10 minutes. For low concentration hydrogels, the solution was diluted 2:1 

in PBS prior to incubation, maintaining the 10:1 fibrinogen:PEG ratio. PEGylated 

fibrinogen was then added into low-attachment PTFE molds and mixed at a 1:1 

volume ratio with either PBS (for controls) or cell solution (200k cells/mL; co-

cultures seeded at a 4:1 endothelial-to-perivascular cell ratio). Human thrombin 

(T7009, Sigma-Aldrich) was diluted to 25U/mL in sterile 40 mM CaCl2 (208291; 

CalBiochem, La Jolla, CA) and added 1:1 with the PEGylated fibrinogen/cell solution. 

Gelation occurred on the order of seconds, and gels were incubated at 37°C for 5-10 
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minutes before adding EGM-2. Media was changed after 30 minutes and 2 hours, 

then daily. 

4.2.6. Characterization of Fibrin/PEG Hydrogels 

4.2.6.1. Gelation Time 

Gelation of fibrin/PEG hydrogels at 37°C was measured by inverting gel 

solutions of the same stock sequentially at a rate of 1 Hz. Start time was defined as 

the addition of thrombin, and gelation time was defined as the point at which 

negligible liquid solution remained at inversion. 

4.2.6.2. Stiffness 

Mechanical testing of fibrin/PEG hydrogels was performed using a stress-

controlled rheometer (Rheolyst AR1000; TA Instruments, New Castle DE) in a cone-

plate configuration (1° cone, 0.1mm gap size, 0.5 Hz oscillatory shear strain 

frequency, 1% max strain amplitude). PEGylated fibrinogen solutions were added to 

the rheometer base, thrombin was added 1:1 as described in the production section, 

and the post-gelation storage modulus (G’) of the samples was obtained using TA 

Instruments Rheology Advantage Software. 

4.2.6.3. Morphology 

The microstructure of fibrin/PEG hydrogels were analyzed using scanning 

electron microscopy (Nova NanoSEM 230;  FEI, Hillsboro, OR). Hydrogels were fixed 

in 4% paraformaldehyde (Alfa Aesar, Ward Hill, MA), dehydrated using serial 
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dilution in ethanol (EX0276-3; Millipore) up to 100%, and dried using a critical 

point dryer (K850; EMI Tech Inc., Fall River, MA). Samples were then sputter-coated 

(208HR; Cressington Scientific, Watford, England, UK) with a 5nm thick layer of 

platinum. SEM images were taken between 5.0-7.0 keV and 5-15k magnification 

using xT Microscope Control software (FEI). 

4.2.6.4. Degradation Rate 

Fibrin/PEG hydrogels were desiccated, and the degradation rate was 

measured as the dry weight retention normalized to initial weight 

(Weightfinal/Weightinitial) versus time. 

4.2.6.5. Cell Viability 

Viability of encapsulated cells was determined after 7 days using a 

LIVE/DEAD Cell Viability Assay (L34951; Life Technologies, Grand Island, NY) in 

which metabolically active cells are stained with a green-fluorescent small molecule 

and cells with compromised plasma membranes are stained with a red-fluorescent 

small molecule.  Images were obtained using a DMI 6000B (Lieca Microsystems, 

Bannockburn, IL) fluorescence microscope and Leica Application Suite software. 

4.2.7. Assessment of Network Formation 

4.2.7.1. Immunostaining 

To observe the organization of encapsulated cells within the fibrin/PEG 

hydrogels, constructs were fixed with 4% paraformaldehyde, permeabilized with 
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Triton X100 (CalBioChem), and stained with fluorescently conjugated phalloidin 

(A12379; Life Technologies). Using phalloidin to label f-actin throughout the cells 

provided a clear outline of the three-dimension structures formed and allows for 

semi-automated analysis of images.  Images were taken using an LSM 510 META 

confocal microscope and accompanying LSM 5 Series software (Zeiss, Jena, 

Germany). 

4.2.7.2. Network Analysis 

Images were analyzed using AngioTool, a free ImageJ package developed by 

the NIH National Cancer Institute. AngioTool outlines continuous networks within 

images, provides a skeletal representation of them, and allows for quantitative 

assessment of various vessel morphometric and spatial parameters including vessel 

length, density, thickness and branching index. 

4.2.7.3. Assessment of Lumen Formation 

Fibrin/PEG hydrogels were sectioned at the Baylor College of Medicine 

Breast Cancer Pathology core facility. Briefly, cells were fixed in 4% 

paraformaldehyde, serially dehydrated in ethanol, cleared with xylenes, and 

embedded in paraffin using the Sakura Tissue-Tek VIP Processor and Paraffin 

Embedding Center (Sakura FineTek USA Inc, Torrance, CA). The scaffolds were then 

sectioned using an HM 315 microtome (Richard-Allan Scientific / Thermo Scientific, 

Waltham, MA) at a thickness of 3-4μm. Hematoxylin and eosin staining was done 

using a Shandon Varistain 24-4 Automatic Slide Stainer (Thermo Scientific). 
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Immunofluorescent staining of αSMA (ab7817; Abcam, Cambridge, MA) and CD31 

(ab28364; Abcam) was performed using heat-mediated, citrate-buffered antigen 

retrieval (ab973; Abcam). Imaging was done using an Eclipse E800 microscope and 

accompanying NIS-Elements software (Nikon Instruments Inc., Melville, NY). 

4.2.8. Statistical Analysis 

Data are expressed as mean ± standard deviation. The sample numbers for 

each experiment are represented in their respective figures. Analysis of variance 

flowed by a post-hoc Student’s t-test with a Dunn-Bonferroni correction for multiple 

comparisons was performed for all comparisons. A value of p<0.05 was considered 

significant in all tests. 

4.3. Results 

4.3.1. Isolation and Characterization of AFSC 

Adherent AFSC were isolated from amniotic fluid samples and had a 

fibroblast-like, spindle-shaped morphology similar to that of MSC. (Fig 4.1A) Flow 

cytometry on undifferentiated AFSC sorted for c-kit at passage 2 then cultured 

through passage 5 showed the cells were strongly positive for the MSC markers 

CD29 (99.7%), CD44 (99.4%), CD73 (99.9%), CD90 (95.3%), and CD105 (95.8%); 

moderately positive for the ESC markers SSEA4 (25.6%), Sox2 (32.6%), and cMyc 

(22.5%); and negative for the ESC markers Tra-1-60/80 (0.18%, 0.60%). 

Additionally, a subpopulation (19.8%) of these cells retained c-kit expression 
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through passaging. (Fig 4.1B) Standard G-banding karyotyping revealed a normal 

diploid male karyotype in all metaphase spreads. (Fig 4.1C) 

 

Figure 4.1 – Characterization of undifferentiated AFSC 

AFSC were sorted for c-kit+ at passage 2, cultured to passage 5, and analyzed. 

(A) Light microscopy revealed a spindle-shaped morphology similar to MSC. 

Scale bar is 100 μm. (B) Flow cytometry analysis showed AFSC were strongly 

positive for the MSC markers CD29, CD44, CD73, CD90, and CD105; moderately 

positive for the ESC markers SSEA4, Sox2, and cMyc; and negative for the ESC 

markers Tra-1-60/80. Additionally, a subpopulation of these cells retained c-

kit expression throughout passaging. (C) Standard G-banding karyotyping of 

AFSC shows a normal diploid male karyotype. 

4.3.2. Assessment of Endothelial Differentiation 

Differentiation of AFSC into endothelial-like cells (AFSC-EC) was chemically 

mediated by the addition of 50 ng/mL VEGF to AFSC cultures. (Fig 4.2A) Flow 

cytometry was used to quantify protein expression, (Fig 4.2B) while the ability to 

form networks in two-dimensions was confirmed by plating the AFSC-EC on a thin 

film of Matrigel, (Fig 4.2C) Results showed significant expression of constitutive 
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endothelial proteins such as CD31 (67.2%), VE-cadherin (58.8%), and VEGFR2 

(37.8%), as well as a triple-positive population (16.4%), though did not show a 

complete reduction in the stem cell markers SSEA4, c-kit, and CD44 (19.2%, 28.5%, 

and 60.5%, respectively). Additionally, the differentiated cells were negative for the 

immunological marker HLA-DR (0.493%) and positive for HLA-ABC (96.4%). 

 

Figure 4.2 – Assessment of AFSC-derived endothelial cells  

(A) Schematic of the VEGF-mediated differentiation of c-kit+ AFSC into AFSC-

derived endothelial cells. (B) Flow cytometry analysis of AFSC-EC showed 

significant expression of constitutive endothelial proteins such as CD31, VE-

cadherin , and VEGFR2, though did not show a complete reduction in the stem 

cell markers SSEA4, c-kit, or CD44. Differentiated cells were negative for the 

immunological marker HLA-DR and positive for HLA-ABC. Additionally, a 

population of CD31+ cells (16.4%) were also positive for both VE-cadherin 

and VEGFR2 (bottom right panel). (C) Fluorescence imaging of two 

dimensional network formation of AFSC-EC when plated on a thin Matrigel 

film. Actin filaments were labeled with phalloidin (green) and nuclei were 

counterstained with DAPI (blue). Scale bar is 100um. 
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4.3.3. Characterization of Fibrin/PEG Hydrogels 

Fibrin hydrogels became opaque upon gelation, while fibrin/PEG hydrogels 

remained translucent. (Fig 4.3A)  Gelation time of low concentration fibrinogen 

solutions (5mg/mL) at 37ºC was on the order of seconds (10.1 ± 1.88s), while 

gelation of PEGylated fibrinogen was significantly slower (16.9 ± 2.95s, p<0.05). A 

similar effect was seen in higher concentration fibrinogen (10mg/mL) and 

PEGylated fibrinogen gels (4.71 ± 1.43s and 10.71 ± 3.17s, respectively; p<0.05). 

(Fig 4.3B)  

 After 14 days in vitro, the weight retentions of high-concentration 

scaffolds in media alone were assessed. Fibrin-only hydrogels were completely 

degraded (0.4±0.3% remaining), while fibrin/PEG hydrogels remained intact (65 ± 

9%; p<0.05). (Fig 4.3C) 

 The shear storage modulus (G') of samples ranged from 50-150 Pa. 

Fibrin/PEG hydrogels were not significantly softer compared to fibrin-only 

hydrogels at either given concentration (69.3 ± 18.1 Pa vs 91.9 ± 11.4 Pa at 5mg/ml; 

126.1 ± 7.5 Pa vs 91.8 ± 15.2 Pa at 10 mg/ml), though the higher concentration 

fibrin gels were significantly stiffer than the low-concentration fibrin/PEG gel 

(126.1  ± 7.5 Pa vs 69.3 ± 18.1 Pa; p<0.05). (Fig 4.3D) 

 SEM images revealed that fibrin-only hydrogels contained very thin 

fibrils (90 ± 3.9nm thick), while fibrin/PEG hydrogels contained much thicker fibers 

(610 ± 33μm thick). (Fig 3E) Pores throughout fibrin hydrogels were not uniform, 

as seen by significant differences in the major and minor pore axes (1.64 ± 0.45μm 
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vs 1.41 ± 0.52μm for fibrin only, p<0.05; 0.90 ± 0.30μm vs 0.85 ± 0.30μm for 

fibrin/PEG). Overall pore sizes were significantly smaller in fibrin/PEG samples 

(0.88 ± 0.30μm vs 1.52% ± 0.48μm, p<0.05). (Fig 4.3F) No significant difference was 

seen in AFSC attachment or viability after 7 days when comparing fibrin-only, 

fibrin/PEG, or Matrigel (89.9 ± 5.4%, 92.3 ± 6.5%, 96.4 ± 3.0%, respectively). (Fig 

4.3G/H) 

 

Figure 4.3 – Characterization of fibrin/PEG hydrogels  

(A) Fibrin hydrogels became opaque upon gelation, while fibrin/PEG 

hydrogels remained translucent. (B) Gelation time of low concentration 

fibrinogen (5mg/ml) solutions at 37°C was on the order of seconds, while 

gelation of PEGylated fibrinogen (0.5mg/ml PEG) was significantly slower. A 

similar effect was seen in higher concentration fibrinogen (10mg/ml) and 

PEGylated fibrinogen gels (1.0mg/ml PEG). (C) After 14 days in vitro, high-

concentration fibrin-only scaffolds in media alone were completely degraded, 
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while fibrin/PEG hydrogels remained intact. (D) The shear storage modulus 

(G') of samples ranged from 50-150 Pa. Fibrin/PEG hydrogels were not 

significantly softer compared to fibrin-only hydrogels at either given 

concentration, though the higher concentration fibrin gels were significantly 

stiffer than the low-concentration fibrin/PEG gel.(E) SEM images revealed that 

fibrin-only hydrogels contained very thin fibrils, while fibrin/PEG hydrogels 

contained much larger bundled structures. Scale bars are 10μm. (F) Pores 

throughout fibrin hydrogels were not uniform, as seen by significant 

differences in the major and minor pore axes. Overall pore sizes were 

significantly smaller in fibrin/PEG samples. (G/H) No significant difference 

was seen in AFSC attachment or viability after 7 days when comparing fibrin-

only, fibrin/PEG, or Matrigel. A value of p<0.05 was considered significant in 

all tests. 

4.3.4. Assessment of In Vitro Network Formation 

In order to determine the individual contribution of both AFSC-EC, our 

proposed vascular cell source, and AFSC, our proposed perivascular cell source, 

network formation by AFSC, AFSC-EC, MSC, HUVEC, and combinations thereof were 

analyzed when seeded in fibrin for 7 days (Fig 4.4A), fibrin/PEG for 7 days (Fig 

4.4B), and fibrin/PEG for 14 days (Fig 4.4C). All network parameters were 

normalized to HVUEC/MSC co-cultures, which was considered the positive control 

for this study. Fluorescent staining of actin filaments was used to obtain a clear 

cellular outline and facilitate quantitative analysis. (Fig 4.5A) Data collected 

included assessment of average vessel length (Fig 4.5E), thickness (Fig 4.5F), and 

area (Fig 4.5G), as well as the degree of branching. (Fig 4.5H)  
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Figure 4.4 – Network formation within fibrin/PEG hydrogels  

AFSC, MSC, AFSC-EC, HVUEC, and co-cultures were seeded and cultured in vitro 

within (A) fibrin for 7 days, (B) fibrin/PEG for 7 days, and (C) fibrin/PEG for 

14 days. Actin filaments were labeled with phalloidin (green) and nuclei were 

counterstained with DAPI (blue).  No fibrin-only day 14 samples were 

available due to degradation (see Fig 3C). Scale bars are 100μm. 
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Figure 4.5 – Analysis of in vitro network formation within fibrin/PEG 

hydrogels  

(A) Fluorescent staining of actin filaments was used to obtain a clear cellular 

outline and facilitate quantitative analysis. Example AFSC-derived network 

stained with phalloidin (green) and DAPI (blue), then processed using 
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AngioTool. Scale bar is 100 µm. Sections of paraffin-embedded AFSC co-

culture in fibrin/PEG hydrogel were stained with hematoxylin and eosin (B, 

scale bar is 150um) and αSMA/CD31 (C, scale bar is 50um) to assess the 

potential for lumen formation in vitro. Fibrin scaffolds stained pink and 

embedded cells stained dark pink/purple. In select regions, localization of 

αSMA and CD31 within embedded cells resembled that of immature capillary-

like structures. (D) Populations of AFSC (green) and AFSC-EC (red) were 

labeled with membrane-bound dyes pre-encapsulation and tracked as they 

proliferated and migrated through the fibrin/PEG hydrogels. Scale bar is 

100μm. Data collected included assessment of  (E) average vessel length, (F) 

thickness, and (G) area, as well as (H) the degree of branching. All network 

parameters were normalized to HUVEC/MSC co-cultures. Bars which share a 

letter were not significantly different from each other. A value of p<0.05 was 

considered significant in all tests. 

 

When comparing the networks formed by AFSC-EC and HUVEC individually 

after 2 weeks in fibrin/PEG hydrogels, no statistically significant difference was 

seen (vessel length: 48.1 ± 10.5% vs 46.0 ± 16.8%; vessel thickness 70.2 ± 21.3% vs 

74.8 ± 19.2%; vessel area: 55.3 ± 12.1% vs 59.1 ± 15.2%; number of branch points: 

47.0 ± 18.2% vs 34.2 ± 9.34%; all normalized to HUVEC/MSC co-cultures) .  

Co-culturing AFSC-EC or HUVEC with either AFSC or MSC, while maintaining 

a constant seeding density, resulted in an increase in all measured network 

parameters. As compared to the previously listed values, the synergistic effects of 

AFSC and MSC on network formation by AFSC-EC (vessel length: 72.9 ± 26.7% and 

59.1 ± 10.6%; vessel thickness : 109 ± 16.8% and 116 ± 38.0%; vessel area: 87.7 ± 

12.4% and 82.5 ± 10.6%; number of branch points: 67.6 ± 17.0% and 57.9 ± 10.4%) 

and on network formation by HUVEC (vessel length: 105 ± 30.1% and 100 ± 19.7%, 

p<0.05; vessel thickness : 111 ± 27.7% and 100 ± 15.4%; vessel area: 127 ± 23.8% 
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and 100 ± 21.8%;  number of branch points: 72.7 ± 23.8% and 100 ± 34.0%, p<0.05) 

can clearly be seen; however, the effect of these potential perivascular cell sources 

was more pronounced on HUVEC than AFSC-EC in the cases of vessel length (102 ± 

25% vs 66.0% ± 18.7%, p<0.05) and vessel area (114 ± 22.8% vs 85.1 ± 11.5%, 

p<0.05). 

Fibrin/PEG hydrogels seeded with co-cultures of either AFSC-EC/AFSC or 

HUVEC/MSC were sectioned, then stained with hematoxylin and eosin, to assess the 

potential for lumen formation in vitro. (Fig 4.5B) H&E-stained slides showed fibrin 

scaffolds stained light pink and embedded cells stained dark pink/purple. The 

majority of AFSC-based slides (88%) showed areas where branching cell networks 

were surrounding regions in which the fibrin/PEG scaffold was not present. The 

average diameter of the lumen-like regions in AFSC-derived networks was similar to 

that of HUVEC/MSC derived networks (45.8 ± 6.3μm versus 54.2 ± 9.7μm, 

respectively). In select regions of the sectioned hydrogels, localization of aSMA and 

CD31 within embedded cells resembled that of immature capillary-like structures. 

(Fig 4.5C) Populations of AFSC and AFSC-EC were labeled with membrane-bound 

dyes pre-encapsulation and tracked as they proliferated and migrated through the 

fibrin/PEG hydrogels. (Fig 4.5D) Qualitatively, a clear interaction between AFSC and 

AFSC-EC was observed. 
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4.4. Discussion 

The application of AFSC to the repair of congenital defects in neonates is 

especially promising because amniotic fluid is routinely collected when a congenital 

defect is detected, with minimal risk,(227, 228) and AFSC-derived cell constructs 

are genetically matched to the patient, significantly reducing the risk of 

immunorejection.(50, 51) Surgical treatment of congenital abnormalities is often 

complicated by insufficient available tissue at the time of repair, resulting in the use 

of synthetic materials and a corresponding high morbidity rate.(229-233) 

Alternatively, broad potential for differentiation and high proliferation rates make 

AFSC well suited for use in regenerative medicine therapies such as engineered 

skeletal/cardiac muscle, tendons, heart valves, and blood vessels.(50, 56, 200, 234-

237) 

This study confirms our previous work on the capacity for VEGF-mediated 

differentiation of c-kit+ AFSC into endothelial-like cells,(222) as well as illustrates 

the vasculogenic and perivasculogneic potential of AFSC within a three-dimensional 

fibrin/PEG scaffold in vitro.  

Several distinct subpopulations of AF-derived cells express multipotency 

markers, but c-kit+ AFSC have been consistently shown to have the potential to 

differentiate into endothelial-like cells.(50, 222, 238)  The subpopulation of CD31+ 

cells within these c-kit sorted AFSC is minor (< 0.25%) but warrants further 

investigation to determine the degree of endothelial enrichment compared to 

endothelial differentiation. Recent studies suggest 1 mL of human amniotic fluid 
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contains approximately 104 cells, 80% of which are viable, and 1% of which are c-

kit+.(230, 239) Our lab has previously shown c-kit+ AFSC have a population 

doubling time of 36 hours, which is supported in the literature.(229) Additionally, 

routine second-trimester amniocentesis involves the removal of 12-15mL of 

amniotic fluid for analysis.(240) At this rate and starting volume, the generation of 

hundreds of millions of highly multipotent AFSC would be clinically feasible. As with 

all current stem cell therapies, patient variability is a critical hurdle. In an 86 patient 

trial, it was estimated that isolating c-kit+ AFSC from second-trimester patients had 

a success rate of 71%.(241) As knowledge of the complex protein expression profile 

associated with these stem cells increases, more efficient sorting methods could 

provide a solution to this issue.  

VEGF is often used as the primary stimulus for chemical-mediated 

endothelial differentiation of mesenchymal and embryonic stem cells,(10, 242, 243) 

and we have previously reported on the correlation between VEGF concentration 

and the development of endothelial-like phenotype by AFSC. Significant expression 

of constitutive endothelial proteins such as CD31, VE-cadherin, and VEGFR2 were 

seen in AFSC-EC, though it is again important to note batch-to-batch variability. 

AFSC-EC were HLA-DR negative and HLA-ABC positive, suggesting low 

immunogenicity. Additionally, a subpopulation of AFSC was unresponsive to the 

chemical stimulus in the endothelial media and did not show a complete reduction 

in the stem cell markers SSEA4, c-kit, and CD44. This can likely be attributed to the 

population of AFSC that do not express VEGFR2 and thus cannot respond to VEGF 

stimuli.  
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The fibrin/PEG scaffold provided a platform that was easily tunable and 

shown in the literature to be pro-angiogenic. Gelation rate could be modulated 

through calcium concentration, which affects thrombin enzymatic activity. While 

this increases handleablity in vitro, it has significant implications for translation to 

injectable in situ technologies where stem cells have found utility. The solubilized 

hydrogel components are stable at 4°C for up to a week, further improving clinical 

viability.  

PEG was utilized to decrease the degradation rate of fibrin-only scaffolds, 

which are not conducive to pre-vascularization strategies longer than a couple of 

weeks. We hypothesize that the reduction in degradation rate is driven by changes 

to the microscopic structure of the hydrogels. Specifically, the amorphous 

crosslinking of fibrin by the linear, bi-functional PEG results in thicker fibers and 

smaller pores, which significantly reduce the surface area exposed to degradation. 

The differences in morphologies can be seen in SEM images, and the increased 

amorphous characteristic may be responsible for the translucent nature of the 

fibrin/PEG hydrogels. Throughout these changes, it was important to retain the 

bioactivity of the fibrin hydrogel component. Bulk stiffness, which is a critical cue 

for endothelial differentiation, and cell viability were both maintained throughout 

samples. Cell viability data is further supported by examples in the literature using 

this encapsulation method, as well.(147, 244, 245)  Additionally, while the PEG 

variant used in these experiments is not biodegradable, the method of PEGylation 

used only allows for the covalent linking of PEG and fibrinogen, not multiple PEG 

chains. As the fibrin component of these scaffolds are hydrolyzed and enzymatically 
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degraded, the attached PEG chains are expected to be solubilized and clear as well. A 

10:1 fibrinogen:PEG weight ratio and a uniform PEG distribution (as suggested by 

our SEM images) would indicate that PEG-rich areas, which have the potential to 

reduce cell attachment, were minimized.   

The vasculogenic potential of cell-seeded scaffolds was assessed through the 

following network parameters: vessel length, area, and thickness and the number of 

branch points. Data for vessel length and area were captured for each image as a 

whole, then averaged, and are clear indicators of overall vascular robustness. 

Alternatively, thickness was analyzed on a per-vessel basis within each image and 

represents the average thickness of vessels between branches. By making this 

distinction, areas where two or more vessels temporarily merge are ignored to give 

a more accurate representation of individual vessel thickness. While the degree of 

branching is not necessarily an indicator of the quality of networks formed, it does 

provide information on network organization and allows for an additional level of 

comparison between cells types.  

When comparing single cell type cultures within the fibrin/PEG hydrogels, no 

statistical difference in vessel formation was seen between AFSC-EC and HUVEC; 

however, both these groups displayed an increase in network parameters compared 

to AFSC or MSC cultures alone, suggesting AFSC-EC, like HUVEC, have significant 

vasculogenic potential. Co-cultures containing either AFSC or MSC consistently 

displayed more robust vessel formation compared to single cells types at a fixed 

seeding density, suggesting AFSC, like MSC, play a synergistic role in network 
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formation and have significant perivascular potential. Due to their similarities in 

morphology and gene expression, our hypothesis is that the secretome profile for 

AFSC is similar to what has been described in the literature for MSCs, which includes 

the potential release of VEGF, IL-6, IL-8, and MCP-1, all of which directly enhance 

endothelial cell survival and vascular formation.(246) A complete panel of cytokine 

expression will be critical for fully understanding the role of AFSC in vascularization. 

Almost 90% of AFSC-EC/AFSC sectioned slides captured branching cell 

networks with lumen-like area present. The average diameter of these regions was 

similar to those of HUVEC/MSC co-cultures and on the same scale as capillary 

networks.  H&E sections were appropriate for determining the precise morphology 

and patency of these networks, while immunofluorescent staining for endothelial 

and perivascular-specific markers were essential to understanding the cellular 

organization. Further analysis is necessary to quantify the concentration of 

functional lumen-forming vessels. 

In this study we demonstrated the following: fibrin/PEG hydrogels provide a 

platform for cell encapsulation that promotes biocompatibility, mechanical stability, 

and vasculogenesis; AFSC in co-cultures act as a support cell source similar to MSC, 

promoting increased vessel length, area, and thickness; and AFSC-derived cell 

networks were clearly formed, with vessel thickness and coverage area similar to 

HUVEC/MSC-derived networks. Further analysis is needed to determine vessel 

maturity and the potential for in vivo viability.
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Chapter 5 

In Situ Vascularization of Injectable 

Fibrin/Poly(Ethylene Glycol) Hydrogels 

by Human Amniotic Fluid-Derived 

Stem Cells 

Abstract: One of the greatest challenges in regenerative medicine is 

generating clinically-relevant engineered tissues with functional blood vessels. De 

novo vascularization, which requires both a scaffold that supports vessel formation 

and a source of vascular cell types, is a key hurdle to designing tissue constructs 

larger than the in vivo limit of oxygen, nutrient, and waste diffusion.  In this study, 

we utilized fibrin-based hydrogels to serve as a foundation for vascular formation, 

poly(ethylene glycol) (PEG) to modify fibrinogen and increase scaffold longevity, 

and human amniotic fluid-derived stem cells (AFSC) as a source of vascular cell 

types (AFSC-EC). AFSC as a source of vascularization hold great potential for use in 

regenerative medicine strategies, especially those involving autologus congenital 
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applications, and we have shown previously that AFSC-seeded fibrin-PEG hydrogels 

have the potential to form three-dimensional vascular-like networks in vitro. We 

hypothesized that subcutaneously injecting these hydrogels in immunodeficient 

mice would both induce a fibrin-driven angiogenic host response and promote in 

situ AFSC-derived neovascularization. Two weeks post-injection, explanted 

hydrogels were sectioned and the following was demonstrated: the average 

maximum invasion distance of host murine cells into the subcutaneous fibrin/PEG 

scaffold was 147±90µm after one week and 395±138µm after two weeks; the 

average number of cell-lined lumen per mm2 was significantly higher in hydrogels 

seeded with stem cells or co-cultures containing stem cells (MSC, 36.5±11.4; AFSC, 

47.0±18.9; AFSC/AFSC-EC, 32.8±11.6; MSC/HUVEC, 43.1±25.1) versus endothelial 

cell types alone (AFSC-EC, 9.7±6.1; HUVEC, 14.2±8.8); a subset of these lumen were 

characterized by the presence of red blood cells. Select areas of cell-seeded 

hydrogels contained CD31-positive lumen surrounded by α-SMA support cells, 

whereas control hydrogels with no cells only showed infiltration of α-SMA positive 

host cells. 

5.1. Introduction 

One of the greatest challenges in regenerative medicine is generating 

clinically-relevant engineered tissues thicker than a few millimeters. The inability to 

provide functional vascularization is a key hurdle faced in designing tissue 

constructs larger than the in vivo limit of oxygen, nutrient, and waste diffusion, 

which is approximately 200 microns.(1, 71, 124, 247-249) The lack of a rapidly 
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developed vascular network in tissues beyond this limit will result in inadequate in 

vivo perfusion, increased hypoxia, and decreased cellular viability.(64, 74, 250-252)  

Methods of ensuring perfusion in engineered tissues range from stimulating 

angiogenesis through the introduction of growth factors or biological materials that 

promote invasion of endogenous host capillaries,(68, 89, 253-256) to pre-forming 

vascular networks within scaffolds in vitro prior to implantation.(217, 257-261) 

Relying solely on spontaneous or chemotaxis-driven angiogenesis, which 

vary from tenths of a μm per day to several μm per hour,(218, 219) is generally not 

sufficient to achieve rapid and complete vascularization of thick constructs.(71, 253-

255, 262)  Alternatively, prevascularizing engineered tissues with exogenous cells 

provides well-formed vascular-like networks prior to implantation.(217, 257, 261)  

While some groups have shown seeding endothelial cells into tissue constructs 

before implantation may improve in vivo perfusion and cell viability,(124, 263, 264) 

others have shown no difference between the rate of in vivo blood vessel formation 

in hydrogels pre-vascularized with endothelial cells in vitro compared to 

mesenchymal stem cell (MSC)-seeded hydrogels relying on in situ vascularization 

alone.(265) Studies have also shown that combining both endothelial cells and a 

perivascular cell source, such as MSCs or fibroblasts, is essential in the generation of 

robust functional vascular networks in vivo.(114, 266, 267)  

One potential source of both these cell types is amniotic fluid-derived stem 

cells (AFSC).(50, 268, 269) Previous results from our lab suggest that AFSC in three-

dimensional co-cultures act as a perivascular support cell source similar to MSC and 
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that AFSC-derived endothelial cells (AFSC-EC) promote vascular network formation 

similar to mature endothelial cell.(270)  Significant advantages to using AFSC in 

regenerative medicine strategies include broad differentiation capacity, rapid 

proliferation, and the potential for use in autologous therapies in neonates, such as 

an engineered cardiovascular patch for repair of congenital heart defects.(271, 272)  

In addition to a source of vascular cell types, a suitable scaffold for the 

development of vascularization is critical.(273) We have shown previously that 

fibrin/poly(ethylene glycol) (PEG) hydrogels provide a platform for cell 

encapsulation that promotes biocompatibility, mechanical stability, and 

vasculogenesis.(270) Fibrin is a versatile biopolymer that has a critical role in blood 

clotting, cellular-matrix interactions, wound healing, and angiogenesis,(164, 168, 

169, 274, 275) and is widely used as a biomaterial for engineered adipose, dermal, 

and cardiovascular tissues.(276-278) Like most other natural materials though, the 

main disadvantages of using fibrin as a scaffold are low mechanical stiffness and 

rapid degradation,(165, 279) both of which can be mitigated by incorporation of 

PEG, an FDA-approved polymer with a wide range of medical and industrial 

applications.(175, 270, 280)  

Based on this data, we hypothesized that subcutaneously injecting AFSC-

seeded fibrin/PEG hydrogels in immunodeficient mice would both induce a fibrin-

driven angiogenic response and promote AFSC-derived neovascularization. In this 

study, we evaluated the potential for in situ formation of clinically relevant 

vasculature by assessing the rate of host cell invasion, the degree of cell-lined lumen 
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formation, and the co-localization of vascular cell types within AFSC-seeded 

fibrin/PEG hydrogels. 

5.2. Materials and methods 

5.2.1. Isolation of Human AFSC 

Primary human amniotic fluid (AF) was obtained from patients in their 

second trimester undergoing planned amnioreduction as part of a therapeutic 

treatment for twin-twin transfusion syndrome (TTTS) as previously described.(268, 

281) The experimental protocol and informed consent forms were approved by the 

Institutional Review Boards of Baylor College of Medicine and Rice University.  

Briefly, AF was centrifuged and collected cells were resuspended in modified 

α-Minimum Essential Media: 63% αMEM (Invitrogen, Carlsbad, CA), 18% Chang 

Basal Medium (Irvine Scientific, Santa Ana, CA), 2% Chang C supplement (Irvine 

Scientific), 15% fetal bovine serum (PAA Laboratories, Dartmouth, MA), and 

GlutaMAX (Invitrogen) at 37°C and 5% CO2 in a humidified environment. Cells were 

passaged at 60-70% confluency, and AFSC were isolated through fluorescence-

activated cell sorting for expression of the membrane receptor CD117/c‐kit (1:100 

antibody concentration, BD Biosciences, Bedford, MA; Dako-Cytomation MoFlo 

sterile cell sorter). 



 101 

5.2.2. Endothelial Differentiation of AFSC 

AFSC were differentiated into endothelial-like cells as previously 

described.(268) Briefly, c-kit+ AFSC at passage 4 were plated at 3000 cells/cm2 on 

gelatin-coated plates, allowed to attach for 24 hours in modified αMEM, then 

cultured in Endothelial Growth Media 2 (EGM-2; Lonza, Walkersville, MD) with a 

final concentration of 50 ng/ml vascular endothelial growth factor (VEGF165; Pierce 

Biotechnology, Rockford, IL). EGM-2 contained epidermal growth factor, 

hydrocortisone, GA-1000 (gentamicin, amphotericin-b), fetal bovine serum, basic 

fibroblast growth factor, insulin-like growth factor, ascorbic acid, and heparin at 

manufacturer concentrations. After 14 days, AFSC were stained with fluorescently-

conjugated antibodies towards human CD31/PECAM (FITC IgG1κ, BD Biosciences; 

primary and isotype antibodies used at manufacturer recommended 

concentrations) and sorted to isolate the CD31-positive, endothelial-like population 

(AFSC-EC). FACSDiva software (BD Biosciences) was used for all flow cytometry 

data collection. FlowJo software (Tree Star, Inc., Ashland, OR) was used for data 

analysis. 

5.2.3. Preparation of Fibrin/PEG Hydrogel Components 

Fibrin/PEG-based hydrogels were prepared based on work previously 

described, (175, 225, 282) with slight variations. Human fibrinogen (F3879, Sigma-

Aldrich, St Louis, MO) was solubilized in phosphate-buffered saline (PBS, 21-030-

CV; Corning, Manassas, VA; adjusted to pH 7.8) at a concentration of 80 mg/mL. 

After 2 hours of incubation at 37°C, the solution was filtered using a 0.20 µm 
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SteriFlip filter (EMD Millipore, Billerica, MA). Succinimidyl glutarate-modified 

bifunctional poly(ethylene glycol) (3.4 kDa SG-PEG-SG; NOF America Corporation, 

White Plains, NY) was dissolved in pH 7.8 PBS at 8 mg/ml and syringe filtered. 

Fibrinogen and PEG solutions were combined in a 1:1 volume ratio (10:1 

PEG:fibrinogen MW ratio), mixed thoroughly, and incubated at 37°C for 6 hours. 

PEGylated fibrinogen was mixed at a 1:1 volume ratio with either pH 7.8 PBS (for no 

cell controls) or cell solution (200k cells/mL; co-cultures seeded at a 4:1 

endothelial-to-stem cell ratio). Cell types and combinations encapsulated were 

AFSC, AFSC-EC, AFSC/AFSC-EC, human mesenchymal stem cells (MSC), human 

umbilical vein endothelial cells (HUVEC), and MSC/HUVEC. All AFSC-derived cells 

were used at the same passage – undifferentiated AFSC were expanded for two 

weeks in the maintenance media described previously while the AFSC-EC 

subpopulation was differentiation and sorted. Human thrombin (T7009, Sigma-

Aldrich) was diluted to 25U/mL in sterile 40 mM CaCl2 (208291; CalBiochem, La 

Jolla, CA) and incubated at 37°C prior to use. 

5.2.4. Characterization of Fibrin/PEG Hydrogels Pre-Injection 

5.2.4.1. Morphology 

The microstructure of fibrin/PEG hydrogels was analyzed using scanning 

electron microscopy (Nova NanoSEM 230;  FEI, Hillsboro, OR). Hydrogels were fixed 

in 4% paraformaldehyde (Alfa Aesar, Ward Hill, MA), dehydrated using serial 

dilution in ethanol (EX0276-3; Millipore), and dried using a critical point dryer 

(K850; EMI Tech Inc., Fall River, MA). Samples were sputter-coated (208HR; 
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Cressington Scientific, Watford, England, UK) with a 5nm thick layer of platinum, 

and SEM images were taken between 5.0-7.0 keV and 5-15k magnification using xT 

Microscope Control software (FEI). 

5.2.4.2. PEGylation Rate 

To assess the effect of reaction time on the PEGylation of fibrinogen, 80 

mg/mL fibrinogen was combined 1:1 with 8 mg/mL PEG and incubated at 37*C for 

various lengths of time (0, 1, 5, 20 minutes; 1, 6, 24 hours). At this point, the ester-

amine reaction between PEG and fibrinogen was quenched using 50 mM 

tris[hydroxymethyl]aminomethane  (Tris, 161-0716, Bio-Rad, Hercules, CA), and 

samples were denatured using β-marcaptoethanol (161-0710, Bio-Rad) and boiling 

for 5 minutes. The samples were electrophoresed by 0.1% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis through 4-15% Mini-PROTEAN precast 

polyacrylamide gels (456-1083, Bio-Rad) at 100 V for 1.5 hours. Gels were stained 

with 0.125% Coomassie Brilliant Blue R-250 (20278, Thermo Scientific, Rockford, 

IL) in 40% methanol and 10% glacial acetic acid overnight, then destained for 24 

hours in 20% methanol and 5% glacial acetic acid. Gels were rinsed with deionized 

water, and then scanned using a Gel Doc XR+ System (Bio-Rad) with automatic 

exposure adjustment. 

5.2.5. Subcutaneous Injection of Fibrin/PEG Hydrogels 

In vivo vascularization of fibrin/PEG hydrogels was assessed through 

subcutaneous implantation in aythymic nude mice in an experimental protocol 
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approved by the Animal Care and Use Committees of Baylor College of Medicine and 

Rice University. Athymic nude mice (6-7 weeks old, Foxn1nu, Harlan Laboratories, 

Indianapolis, IN) were chosen to minimize the immune response when 

encapsulating human-derived cells. Briefly, mice were anesthetized and injected in 

two dorsal, posterior subcutaneous areas on either side of midline with a 

combination of 125µl PEGylated fibrinogen, either 125µl sterile PBS or cell solution, 

and 250µl thrombin (all as previously described) at a ratio of 1:1:2, respectively, 

and a final concentration of 10mg/mL fibrinogen, 1mg/mL PEG, 5x104 cells, and 

12.5U/mL thrombin. Cell types and combinations encapsulated were no cell control, 

AFSC, AFSC-EC, AFSC/AFSC-EC, MSC, HUVEC, and MSC/HUVEC. After 1 week, two 

additional subcutaneous injections were performed in each mouse so that when 

explanting the hydrogels at Day 14, both 1 and 2 week samples were obtained from 

the same animal. 

5.2.6. Fibrin/PEG Hydrogel Analysis 

5.2.6.1. Explanting and Sectioning Hydrogels 

At day 14, mice were euthanized and fibrin/PEG hydrogels were explanted 

while retaining the underlying skin and connective tissue. Hydrogels were sectioned 

at the Baylor College of Medicine Breast Cancer Pathology core facility. Briefly, cells 

were fixed in 4% paraformaldehyde, serially dehydrated in ethanol, cleared with 

xylenes, and embedded in paraffin using the Sakura Tissue-Tek VIP Processor and 

Paraffin Embedding Center (Sakura FineTek USA Inc, Torrance, CA). The scaffolds 
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were then sectioned using an HM 315 microtome (Richard-Allan Scientific / Thermo 

Scientific, Waltham, MA) at a thickness of 5μm. 

5.2.6.2. Morphological Assessment 

Hematoxylin and eosin staining of sectioned slides was done using a Shandon 

Varistain 24-4 Automatic Slide Stainer (Thermo Scientific). Slides were scanned at 

2x using a OpticLab H850 slide scanner (PlusTek, UK), then imaged at 10x using an 

Eclipse E800 microscope and accompanying NIS-Elements software (Nikon 

Instruments Inc., Melville, NY). High-resolution photos of each hydrogel section (up 

to 40 per sample) were digitally merged using the 

AutomatePhotomergeReposition feature in Photoshop (Adobe System, San Jose, 

CA), which allows for stitching images together automatically while retaining the 

original files’ resolution and scale. 

5.2.6.3. Analysis of Host Cell Invasion Rate 

Merged high-resolution images of 1 and 2 week No Cell Control hydrogel 

sections were analyzed using MATLAB (MathWorks, Natick, MA) to assess the rate 

of host cell invasion in to the hydrogels. Image file names were blinded to the user, 

then an .m file was created to ask the user to digitally outline the edge of the 

hydrogel, ask the user to click on any number of cells (we selected 50+ cells furthest 

in to each sample), and then calculate the closest distance in µm from each cell to 

the hydrogel boundary and averages them. 
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5.2.6.4. Analysis of Lumen Formation 

Similarly, merged high-resolution images of cell-seeded hydrogel sections 

were analyzed using MATLAB to assess the degree of lumen formation. Though 

many small areas of the hydrogel sections show degraded scaffold or cell structures 

in circular patterns, “lumen” was defined in this study as completely cell-lined, 

scaffold-free areas within the hydrogel. Image file names were blinded to the user, 

then an .m file was created to ask the user to digitally outline an area of the hydrogel 

to assess for vascularization, ask the user to click on any number of cells (we 

selected all lumenal structures in each given area), and then calculate the number of 

lumen per selected area in lumen/mm2 and average them. 

5.2.6.5. Immunostaining for Vascular Cell Types 

To observe the organization of vascular cell types within the fibrin/PEG 

implants, slides were rehydrated, treated for antigen retrieval (heat-mediated, 

citrate-buffered retrieval; ab973, Abcam), permeabilized with Triton X100 

(CalBioChem, San Diego, CA), and stained with αSMA (1:50; ab7817, Abcam, 

Cambridge, MA) and CD31 (1:50; ab28364, Abcam) overnight at 4°C. Secondary 

antibodies were used at 1:500 (Jackson ImmunoResearch Laboratories, Inc., West 

Grove, PA) for 30 minutes at room temperature. Cells were then counterstained 

with 4′,6-diamidino-2-phenylindole (DAPI) with Vecta Shield (Vector, Burlingame, 

CA). Images were obtained using a DMI 6000B (Leica Microsystems, Bannockburn, 

IL) fluorescence microscope and Leica Application Suite software. 
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5.2.7. Statistical Analysis 

Data are expressed as mean ± standard deviation. Analysis of variance 

flowed by a post-hoc Student’s t-test with a Dunn-Bonferroni correction for multiple 

comparisons was performed for all comparisons. A value of p<0.05 was considered 

significant in all tests. 

5.3. Results 

5.3.1. Characterization of Fibrin/PEG Hydrogels 

SEM images display thin fibril structures within fibrin-only hydrogels and 

larger bundled structures within fibrin/PEG hydrogels. (Fig 5.1A) Pores throughout 

individual samples were not uniform in size, but porosity in fibrin-only hydrogels 

was significantly greater than fibrin/PEG hydrogels (81.7%±6.51% vs 70.66%±8.17, 

respectively). (Fig 5.1B) 

Fibrinogen samples were PEGylated at a 10:1 molar ratio of PEG:fibrinogen 

at time points ranging from 1 minute to 24 hours. (Fig 5.1C) Quantification of gel 

electrophoresis data was done using the Gel Analysis feature within ImageJ. (Fig 

5.1D) The percentage of total protein per band was calculated as fractions of 

fibrinogen (40-70 kDa range), low-molecular weight PEGylated fibrinogen (70-

250kDa), and high-molecular weight PEGylated fibrinogen (250+ kDa), all 

normalized to fibrinogen-only samples. For PEGylation times of 1min, 5min, 20min, 

1hr, 3hr, 6hr, and 24hr, fractions of fibrinogen-only were (63.7%, 53.7%, 47.4%, 
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46.0%, 43.6%, 13.8%, 43.4%, respectively), fractions of low-MW PEGylated 

fibrinogen were (34.5%, 37.2%, 40.4%, 40.4%, 39.0%, 41.8%, 41.6%, respectively), 

and fractions of high-MW PEGylated fibrinogen were (1.9%, 9.1%, 12.2%, 13.6%, 

17.5%, 14.4%, 15.0%, respectively). 

 

Figure 5.1- Characterization of fibrin/PEG hydrogels 

(A) SEM images display thin fibril structures within fibrin-only hydrogels and 

larger bundled structures within fibrin/PEG hydrogels. Scale bars are 10μm. 

(B) Pores throughout individual samples were not uniform in size, but 

porosity in fibrin-only hydrogels was significantly greater (p<0.05) than 

fibrin/PEG hydrogels. (C) Fibrinogen samples were PEGylated at a 10:1 molar 

ratio of PEG:fibrinogen at time points ranging from 1 minute to 24 hours. (D) 

Quantification of gel electrophoresis data was done using ImageJ. The 

percentage of total protein per band was calculated as fractions of fibrinogen 

(40-70 kDa range), low-molecular weight PEGylated fibrinogen (70-250kDa), 

and high-molecular weight PEGylated fibrinogen (250+ kDa). 
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5.3.2. Subcutaneous Injection of Fibrin/PEG Hydrogels 

Hydrogels subcutaneously injected on the dorsal side of an athymic nude 

mouse were clearly intact two weeks post-implantation. (Fig 5.2A/B) Explanted 

control hydrogels without cell-seeding were explanted at 1 and 2 weeks post-

injection then fixed, paraffin sectioned, and stained with hematoxylin and eosin. 

Host cell invasion can clearly been seen in high-resolution images. (Fig 5.2D) Based 

on these controls, the average maximum distance of host cell infiltration in to the 

subcutaneous fibrin/PEG scaffold was calculated to be 147.2±90.1µm after one 

week and 394.8±137.7µm after two weeks. (Fig 5.2C) 

Cell-seeded hydrogels were explanted at 2 weeks post-injection, then fixed, 

sectioned, and H&E stained. (Fig 5.3A-D) Slides scanned at 2x showed qualitative 

differences between samples, such as the large vascular structures seen in (Fig 

5.3D), while imaged taken at 10x revealed smaller erythrocyte-filled lumen in other 

samples (Fig 5.3A). 
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Figure 5.2 – Subcutaneous injection of fibrin/PEG hydrogels 

(A) Hydrogel implant on the back of an athymic nude mouse (Foxn1nu). Scale 

bar is 2cm. (B) Explanted no cell control and AFSC/AFSC-EC co-culture 

hydrogels at 2 week post-injection. Scale bars are 5mm. At 1 and 2 weeks, no 

cell control hydrogels were explanted, fixed, and paraffin sectioned, then 

stained with hematoxylin and eosin. Samples were scanned at 2x (shown), as 

well as imaged at 10x and digitally merged for analysis. (C) Based on these 

controls, the distance of host cell invasion was assessed. (D) Representative 

images of controls. Scale bars are 500µm for slide scans and 100µm for 

magnified images. 
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Figure 5.3 – Quantitative analysis of hydrogel vascularization 

Explants were fixed and paraffin sectioned, then stained with hematoxylin and 

eosin to assess general morphology. Samples were scanned at 2x (shown), as 

well as imaged at 10x and digitally merged for analysis. Representative 

images of (A) AFSC-only, (B) AFSC-EC-only, (C) AFSC/AFSC-EC, and (D) 

MSC/HUVEC-seeded hydrogels explanted at 2 weeks then H&E stained. Scale 

bars are 500µm for slide scans and 100µm for magnified images.  (E) The 

degree of lumen formation was determined by comparing the number of cell-

lined vessels per mm2 in sections of no cell controls and various cell-seeded 

hydrogels (AFSC, AFSC-EC, MSC, HVUEC, AFSC/AFSC-EC, and MSC/HUVEC). Bars 

which share a capital letter were not significantly different from each other. A 

value of p<0.05 was considered significant. A subset of this group was 

characterized by the presence of red blood cells; however, there was no 

significant deference between groups tested. Representative images of both 

(F) AFSC/AFSC-EC and (G) MSC/HUVEC co-cultures are shown. Scale bars 

are100µm. 
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5.3.3. Assessment of Hydrogel Vascularization 

The degree of lumen formation was determined by comparing the number of 

cell-lined vessels per mm2 in sections of various cell-seeded hydrogels. The average 

number of cell-lined lumen per mm2 was significantly higher in hydrogels seeded 

with stem cells or co-cultures containing stem cells (MSC, 36.5±11.4; AFSC, 

47.0±18.9; AFSC/AFSC-EC, 32.8±11.6; MSC/HUVEC, 43.1±25.1) versus endothelial 

cell types alone (AFSC-EC, 9.7±6.1; HUVEC, 14.2±8.8) or hydrogels without cells 

(0.21±0.06). A subset of these lumen were characterized by the presence of red 

blood cells, but there was no significant difference between groups (without cells, 

0.02±0.02; AFSC-EC, 1.82±1.63; HUVEC, 1.94±0.99; MSC, 10.68±10.13; AFSC, 

8.27±6.44; AFSC/AFSC-EC, 5.59±4.35; MSC/HUVEC, 8.55±7.77). (Fig 5.3C/D) 

Sections of hydrogel explanted at two weeks were stained for the presence of 

smooth muscle cells (αSMA) and endothelial cells (CD31), then counterstained with 

DAPI. No cell controls showed αSMA-positive host cells infiltrating the fibrin/PEG 

scaffold, (Fig 5.4A) while AFSC/AFSC-EC and MSC/HUVEC seeded hydrogels 

showed a cleared interaction between CD31-positive and αSMA-positive cells. Select 

areas of cell-seeded hydrogels contained dual-positive CD31/α-SMA lumen, whereas 

no cell control did not. (Fig 5.4B/C) 
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Figure 5.4 – Assessment of vascular morphology 

At 2 weeks, explanted hydrogels were stained for the presence of smooth 

muscle cells (α-smooth muscle actin; green) and endothelial cells (CD31; red), 

then counterstained with DAPI (blue). (A) No cell controls, (B) AFSC/AFSC-EC 

seeded hydrogels, and (C) MSC/HUVEC seeded hydrogels shown here. Scale 

bars are 50μm. 

5.4. Discussion 

The first use of amniotic fluid as a diagnostic tool for genetic abnormalities 

was in 1956, yet only recently has it been explored for stem and progenitor cell 

populations.(50, 56, 283)  AFSC have since been shown to be a significant source of 

vascular cell types and have the potential for use in regenerative medicine 

strategies, such as engineered skeletal/cardiac muscle, tendons, heart valves, and 

blood vessels.(50, 56, 200, 234-236, 268)  
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This study expands on our previous work assessing the in vitro vasculogenic 

potential of AFSC within a three-dimensional fibrin/PEG scaffold.(270) A 

subcutaneous model was chosen for in vivo evaluation in order to facilitate in situ 

polymerization of fibrin-based hydrogels and minimize the trauma associated with 

alternative methods of vascular assessment, such as those that create a pocket 

between the fascia and muscle.(284) With this model, other groups have 

demonstrated very low background wound-healing and inflammatory responses, 

which allows for evaluation of the inductive effects of the exogenous engineered 

tissue rather than the chemotactic effect of angiogenic cytokines, such as those in 

blood, which could perfuse implanted hydrogels in a surgical approach. (285)  

Because various groups have used a fibrinogen PEGylation reaction time 

ranging from minutes to hours,(147, 244, 282, 286) the optimal reaction time was 

assessed prior to in vivo use. The high-molecular weight of native fibrinogen (340 

kDa), combined with the PEG-driven crosslinking, makes assessing the rate of 

PEGylation difficult. By denaturing fibrinogen into fibrinopeptide subunits (45-65 

kDa),(287) the reaction can be tracked using standard polyacrylamide gel 

electrophoresis. Our results suggest that the PEGylation of fibrinogen was 

maximized after approximately one hour. The maximum percentage of fibrinogen 

modified by PEG at this point is comparable to other reported values,(286) and the 

driving factor is hypothesized to be the hydrolysis half life of the reactive ester 

group on this PEG variant, which ranges from 10 minutes to 4 hours.(178, 280) 
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Control hydrogels without cells injected in this murine model showed host 

cell infiltration on the order of 20-25 µm/day, which is in agreement with reported 

values of PEG/fibrin hydrogels with similar fibrinogen concentrations.(285) A 

subpopulation of invading cells stained positive for αSMA, suggesting proliferation 

and migration of fibroblasts from the underlying fascia layer.  

When analyzing the degree of lumen formation within cell-seeded hydrogel 

sections, as well as the presence of red blood cells, a large degree of variability was 

seen. A number of factors could play an important role in these results, including 

injection placement, underlying vascular networks, inherent animal variability, etc. 

One significant result was that hydrogels containing MSCs or AFSCs either alone or 

in co-cultures produced significantly more lumen formation compared to 

endothelial cell-types alone. Based on our in vitro data in similar hydrogels,(270) we 

had hypothesized that the development of robust vasculature would require the 

presence of both exogenous endothelial and perivascular cell sources; however, in 

similar subcutaneous mouse studies, vascularization was not significantly different 

between fibrin-based constructs seeded with MSC/HUVEC co-cultures compared to 

those seeded with MSC only.(265)  

Recent insight in to the secretome of AFSCs may help explain these results. 

Paracrine factors produced by AFSCs, including vascular endothelial growth factor, 

stromal cell-derived factor 1, interleukin 8, and monocyte chemotactic protein 1, 

were isolated and shown to be capable of enhancing vasculogenesis in a murine 

model.(288) This combination of pro-angiogenic cytokines has a clear effect on the 
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recruitment of endothelial cell types specifically(289) and could mask the effects 

seen by introducing exogenous vascular cells.(290) 

In this study, in situ vascularization of subcutaneously injected fibrin/PEG 

hydrogels was clearly correlated to the presence of a stem cell source, either AFSC 

or MSC; however, in order to understand the role that AFSC and AFSC-EC play in in 

vivo vessel formation, further analysis is required. Determining the localization of 

exogenous cells in both the bulk of the hydrogel and in relation to the formation of 

dual-positive CD31/αSMA lumen will be critical to assessing the therapeutic 

potential of AFSC-derived vascularization. 
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Chapter 6 

Conclusions of Future Direction 

The overall objective of this thesis was to investigate the vasculogenic 

potential of amniotic fluid-derived stem cells within a fibrin/PEG matrix. To that 

end, we demonstrated the following: 1) a population of stem cells derived from 

amniotic fluid can be differentiated into functional endothelial-like cells using 

vascular endothelial growth factor as the primary mediating factor, 2) AFSC-EC co-

cultured with AFSC, acting as a perivascular cells source, respond to biophysical 

cues in a fibrin/PEG matrix to form tubular networks in vitro, and 3) subcutaneously 

injecting AFSC-seeded fibrin/PEG hydrogels in immunodeficient mice clearly 

induced an angiogenic response and promoted neovascularization.  

Moving forward, fundamental questions remain to be answered. These 

include the following: 
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 As with most primary cells, patient-to-patient variability will be a significant 

concern with AFSC. How can we best characterize AFSC and subpopulations 

therein to optimize endothelial cell yield?  

 Can the fibrin/PEG matrix be further optimized to enhance vasculogenesis while 

maximizing cell viability?  

 By what mechanism is in vivo vascularization enhanced in the presence of AFSC? 

Is functional lumen formation directly AFSC-derived or is paracrine signaling 

recruiting host cells?  

 What type of immune response is currently elicited by the presence of AFSC? 

How do we expect that to translate to clinical use?  

 Is the vasculature formed within the fibrin/PEG matrix robust enough to support 

the high metabolic demand of cardiomyocytes? How will experimental 

parameters like scaffold stiffness or cell seeding ratio affect the contractile force 

and conduction velocity within engineered heart tissue?  

While the answers to these questions remain to be seen, this research clearly 

demonstrates that AFSC-seeded fibrin/PEG hydrogels have significant potential to 

serve as a vascularized platform for the development of an engineered cardiac 

patch.  
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