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I developed a system to release multiple growth factors from PEGylated fibrin 

gels with varying profiles to induce vasculogenesis from embedded human MSCs. Zero-

order release can be obtained by conjugating a growth factor with a homobifunctional, 

amine-reactive, PEG derivative. Growth factors can be entrapped during thrombin-

mediated crosslinking and released rapidly. Growth factors with physical affinity for 

fibrinogen or fibrin can be sequestered within the matrix and released via degradation 

and/or disassociation.  PDGF-BB was loaded via entrapment while TGF-β1 was 

sequestered through a combination of physical affinity and conjugation. The affinity of 

TGF-β1 and fibrinogen had never been previously examined or quantified. I aimed to 

determine the Ka and Kd between TGF-β1 and fibrinogen through a variety of assays. 

Binding ELISAs were developed for TGF-β1 and fibronectin, a protein associated with 

fibrin gels, and TGF-β1 and fibrinogen. However, background was high due to 

insufficient blocking agents. Other assays explored included western blots, surface 
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plasmon resonance, and radiolabeled TGF-β1 with limited success. The affect of TGF-β1 

on human MSC differentiation towards vascular cell phenotypes was examined both in 

2D and fibrin gels embedded with MSCs. With exposure to TGF-β1, MSC proliferation 

was significantly inhibited in both 2D and within fibrin gels indicating that loaded TGF-

β1 maintained bioactivity for at least 7 days. Gene expression of MSCs exposed to TGF-

β1 demonstrated inhibited endothelial cell differentiation and stimulated smooth muscle 

cell differentiation. However, confocal and light microscopy indicated that endothelial 

cell differentiation is maintained with TGF-β1 loaded PEGylated fibrin gels. The system 

developed is highly modular and can be applied to other tissue engineering systems. 

Furthermore, other growth factors could be incorporated to promote vascular cell 

differentiation. 
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INTRODUCTION 

Overview 

Tissue engineering and regenerative medicine are multidisciplinary fields that 

incorporate aspects of engineering, medicine, and the life sciences. The primary goal of 

tissue engineering is the creation of biologically active substitutes of tissues or organs in 

order to restore, maintain, or improve tissue function. Furthermore, tissue-engineered 

constructs have diagnostic applications for testing drug efficacy, toxicity, metabolism, 

and pathogenicity. The current paradigm of tissue engineering involves seeding 

progenitor or differentiated cells onto a substrate that mimics the extracellular matrix 

(ECM) with or without the presence of paracrine factors or drugs to promote a specific 

tissue function. This paradigm is derived from the observation that cells interact with the 

ECM and require a matrix upon which to adhere, proliferate, and express function. Thus, 

knowledge of biomaterials, cell biology, and drug delivery is required to form a 

functional tissue-engineered construct. 

Stem or Progenitor Cells 

While fully functional or differentiated cells can be used in tissue-engineered 

constructs, they are limited with respect to cell number and proliferative capacity. The 

discovery of stem cells that have high proliferative capacity and differentiation potential 

can address these concerns, and the capability to expand stem cells ex vivo and form 
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functional tissues is advantageous. Stem cells are defined as cells that can renew 

themselves and differentiate into cells with specialized functions. Stem cells are 

categorized by their potency, or the differentiation potential to form other cell types. 

Totipotent cells can form both embryonic and extraembryonic cells and thus, are capable 

of forming a complete, viable organism. Pluripotent stem cells are capable of forming all 

embryonic cell lineages and thus can form any cell in a post-natal or adult organism. 

Multipotent cells are capable of differentiating into multiple cell lineages but the 

differentiation potential is limited compared to pluripotent cells. Unipotent cells or 

progenitor cells are limited to one cell lineage. Stem cells can be further divided into 

embryonic and adult stem cells that are appropriate for differing applications. 

EMBRYONIC STEM CELLS 

Embryonic stem (ES) cells are pluripotent cells derived from the inner cell mass 

of a blastocyst and are capable of differentiating into cells of all three germ layers. ES 

cells have nearly unlimited proliferative capacity if maintained in the correct culture 

conditions. Until recently for human ES cell lines, a feeder layer of mouse embryonic 

fibroblasts and the presence of basic fibroblast growth factor (bFGF) were required, 

increasing the operating and labor costs of maintaining ES cells. Recent work by Amit et 

al. has described feeder-free culture with serum and growth factor supplementation 

(Amit, et al. 2004). Most current strategies utilizing ES cells are designed as allografts or 

xenografts that are inherently immunogenic. However, tactics such as immune matching 

or genetic manipulation can potentially address these concerns. 
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Since ES cells are pluripotent, they can differentiate into all adult cell types. 

Uncontrolled differentiation of ES cells can lead to the formation of teratomas, a tumor 

containing multiple cell types, following implantation. Further, as little as one single 

undifferentiated ES cell can lead to a teratoma, since ES cells have nearly unlimited 

proliferative capacity. Complete differentiation of ES cells prior to implantation is 

therefore essential. Differentiation of stem cells is achieved via numerous signals 

including mechanical and chemical. Additionally, chemical cues such as paracrine or 

growth factors must be presented correctly both temporally and spatially to ensure proper 

differentiation. Thus, controlled delivery of chemical signals is advantageous to ensure a 

viable tissue-engineered construct utilizing ES cells. 

ADULT STEM CELLS 

Adult stem cells are non-embryonic stem cells derived from a postnatal organism. 

Adult stem cells are heterogonous in both source and potency but can typically be 

obtained from the patient, leading to autografts, and thereby reducing the potential for 

rejection. Adult stem cells are classified by their potency: unipotent, multipotent, or 

pluripotent. The differentiation potential of unipotent stem cells is limited to one cell 

lineage, decreasing their broad usage. Nevertheless, numerous strategies using unipotent 

cells including neural and hematopoietic stem cells are in development. Examples of 

multipotent adult stem cells include mesenchymal (MSCs) and adipose-derived stem cells 

(ASCs), while pluripotent adult stem cells have been derived from postnatal cells using 

genetic manipulation. These cells are termed induced pluripotent stem (iPS) cells. 
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MESENCHYMAL AND ADIPOSE-DERIVED STEM CELLS 

 MSCs and ASCs are multipotent stem cells with the capacity to differentiate into 

many cell lineages including neural, osteogenic, chondrogenic, and vascular cell lineages 

(Pittenger, et al. 1999; Zuk, et al. 2002). MSCs have been isolated from numerous non-

marrow stromal tissues including muscle and dental pulp. They are frequently isolated 

from the bone marrow, in particular from the iliac crest. The heterogenous cell population 

that is derived as a result of adherence to tissue culture plastic may be more appropriately 

termed, bone marrow stromal cells (BMSCs) or multipotent stromal cells. MSCs are 

typically defined as cells that adhere to tissue culture plastic, outgrow from colony 

forming units, and have the following surface marker profile: CD34+, positive for stem 

cell antigen (Sca-1+), and negative for lineage surface antigen (Lin-) (DHHS 2006). ASCs 

are located within adipose tissue and generally isolated during liposuction procedures. 

ASCs are similar to MSCs in proliferative capacity and differentiation potential, but the 

large amount of aspirate following liposuction procedures leads to greater numbers of 

available cells. Compared to ES cells, MSCs and ASCs have limited proliferative 

capacity and potency but their ease of isolation and the potential use as allografts can 

make them advantageous. Further, MSCs can avoid allogenic recognition by forming an 

immunosuppresive environment, although this capability can vary depending on the 

donor (Ryan, et al. 2005). Additionally, MSCs and ASCs lack the potential to form 

teratomas due to their limited potency. Nevertheless, the differentiation beyond 

mesenchymal tissues is difficult to promote.  
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INDUCED PLURIPOTENT STEM CELLS 

IPS cells are a recently characterized cell population that combines many of the 

advantages of ES and multipotent adult stem cells. They are genetically modified adult 

fibroblasts or other somatic cells that function similarly to ES cells since they have nearly 

unlimited proliferative capacity and are pluripotent (Park, et al. 2008). Thus, they can 

differentiate into all embryonic cell types, be easily expanded in vitro, be obtained from 

autogenic sources, and are readily available. Teratoma formation can still occur; 

therefore, tight differentiation control is required. Furthermore, for patients with genetic 

disorders, autografts of iPS cells will maintain the genetic anomalies. 

 Biomaterials for Tissue Engineering 

Cell function is promoted and maintained through a variety of signals including 

spatial, mechanical, electrical, and chemical cues. Regardless of function, all cells require 

a substrate upon which to attach, proliferate, and provide structural support. For hard 

tissue such as bone, biomaterials, such as hydroxyapitate or tricalciumphosphate, are used 

since they match the mechanical properties of the native tissue. Hydrogels are routinely 

employed for tissue-engineered constructs due to their high hydration levels and 

viscoelastic properties similar to native soft tissue. Most materials utilized for tissue 

engineering are biodegradable, biocompatible, and permit cell binding. This allows cells 

or the host to remodel the biomaterials for the particular application. Eventually, most 

tissue engineering strategies aim to integrate the tissue-engineered construct into the 

native tissue to complement or replace the damaged tissue. 
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Categories of biomaterials used in tissue engineering include natural, synthetic, 

and inorganic materials. Natural materials are derived from proteins or polysaccharides 

and are generally biocompatible, biodegradable, and allow for cell binding. The 

mechanical strength of natural materials is typically lower than synthetic or inorganic 

materials, but this range can vary depending on formulation. Synthetic materials allow for 

greater control of material properties such as mechanical strength, swelling ratios, and 

degradation rates, but require the inclusion of cell attachment domains. Further, 

biocompatibility is of greater concern compared to natural biomaterials. Hybrid materials 

incorporate aspects of both synthetic and natural materials. Generally, hybrid materials 

provide greater control of material properties while incorporating domains for cell 

binding, biodegradation, and/or biocompatibility. Inorganic materials are typically 

employed for bone applications since they provide high mechanical strength.  

Drug Delivery in Tissue Engineering 

As mentioned previously, cell function and stem cell differentiation are controlled 

from a variety of cues. Spatial cues include density of cell attachment domains, which 

dictate cell-cell interactions and subsequent cell density. The role of mechanical 

properties in stem cell differentiation has been examined more thoroughly in recent years 

with the discovery that stem cell fate can be guided by varying the mechanical stiffness 

of substrates (Engler, et al. 2006). Chemical cues include proteins such as cytokines, 

paracrine factors, or growth factors as well as other drugs to dictate cell function and fate. 

In vitro, paracrine or growth factors can be added exogenously to cell media to promote 
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differentiated function. However, this is non-optimal for in vivo systems and in 

physiological systems, since the interactions of drugs with the native ECM may alter drug 

presentation, release, and activity. Additionally, many systems may require multiple 

drugs to induce cell proliferation, differentiation, and stabilization of tissue-engineered 

constructs. Control of drug uniformity, release, timing, and stability is desirable to ensure 

differentiation and desired cell function. Thus, a system that combines drug delivery 

schemes with biomaterial design could improve the efficacy of tissue-engineered 

systems. 

Cardiovascular Tissue Engineering 

INTRODUCTION 

The cardiovascular system includes the heart and associated arteriole and venous 

circulation. The contractile myocardium is composed of a dense, layered tissue 

containing cardiomyocytes, cardiac fibroblasts and associated vasculature. Repair in the 

cardiac environment is limited due to reduced regenerative capacity of cardiomyocytes. 

Blood vessels provide oxygenated blood to the heart in addition to the rest of the body 

tissues. Muscular vessels are comprised of varying thicknesses of three important 

structural layers: the intima is the innermost layer of the endothelium that mediates the 

interaction with blood, the media is the middle layer containing contractile smooth 

muscle cell, while the outer adventitia is primarily composed of fibroblasts in a 

connective matrix.  
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Cardiovascular disease (CVD) involves the heart or blood vessels and is the 

leading cause of death in the developed world. Uncontrolled CVD leads to myocardial 

infarction (MI) and stroke with resulting tissue ischemia and loss of function. The most 

common surgical treatment for MI remains autologous cardiac bypass grafting using 

saphenous veins or mammary arteries. Unfortunately, many patients with CVD do not 

have a viable source for grafting due to vessel damage. Further, synthetic grafts are not 

suitable in small diameter vessel reconstruction due to the high incidence of thrombosis 

in these conduits. Current strategies for cardiovascular tissue engineering include the 

delivery of fully differentiated or progenitor cells to replace or repair vascular structures, 

the development of tissue-engineered vascular grafts for blood vessel replacement, and 

the targeted drug delivery of angiogenic factors towards ischemic tissue.  

STRATEGIES FOR CARDIOVASCULAR TISSUE ENGINEERING 

Cell-Based Therapy 

A common strategy for tissue engineering is the development of cell-based 

therapies to return function to diseased tissue. The goal is the delivery of fully 

differentiated cells or progenitor cells with or without a matrix to ischemic sites to initiate 

revascularization. While fully differentiated cells do not require differentiation strategies, 

the high cell numbers required due to limited proliferative capacity reduces functionality. 

Progenitor and stem cells allow for greater flexibility due to their plasticity and 

proliferation capacity. One potential progenitor cell type for cardiovascular tissue 

engineering is MSC, which is an adult stem cell derived from either bone marrow or 
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peripheral blood. These cells can differentiate readily into terminal cells of the 

mesenchyme, and recent evidence has indicated that MSCs can express phenotypic 

characteristics of endothelial cells, neural cells, smooth muscle cells, skeletal myoblasts, 

and cardiomyocytes (Makino, et al. 1999; Pittenger, et al. 1999; Toma, et al. 2002). 

Further, isolated, autologous bone marrow stem cells have shown to contribute to cardiac 

muscle repair and formation of blood vessels following tissue ischemia, based on 

localized genetic markers (Strauer, et al. 2002; Toma, et al. 2002; Zhang, et al. 2006; 

Zhang, et al. 2008). The transdifferentiation potential of MSC towards endothelial cells 

(ECs), smooth muscle or mural cells (SMCs), and cardiomyocytes has been theorized as 

a possible therapy for cardiac repair following myocardial infarction (MI), despite the 

literature differing widely on this possibility.  Nevertheless, direct injection of MSCs in 

the margin bordering the infarct area of the murine left ventricle has demonstrated that 

MSCs are capable of repairing myocardium (Orlic, et al. 2001). Additionally, other 

groups have demonstrated improvement in cardiac function and resting blood flow in 

infarcted myocardium with intramyocardial injection of human MSCs (Min, et al. 2002). 

Implanted porcine MSCs have been shown to express von Willebrand factor (vWF), 

vascular endothelial growth factor (VEGF), and enhance vasculogenesis after several 

weeks in the cardiac environment (Davani, et al. 2003). Since myocardial perfusion is 

critical to restoration of cardiac function after MI, involvement in vascular repair or 

regeneration may be an important role for MSC in the ischemic heart.  Furthermore, the 

vasculogenic potential of MSC could be extended to other clinical settings such as 

peripheral ischemia or increasing perfusion in large tissue engineered constructs. 
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Vascular progenitor cells including endothelial progenitor cells (EPC) have been 

isolated from peripheral blood and are thought to originate from bone marrow (Boyer, et 

al. 2000). These progenitor cells share certain cell surface markers with hematopoietic 

(blood) stem cells (HSC) which may include:  Flk-1, Tek (Tie-2), cKit, Sca-1, CD133, 

and CD34 (Asahara and Isner 2002). The preponderance of evidence suggests that these 

two cell types arise from a common hemangioblastic precursor such as the MSC. Both 

EPCs and HSCs have been shown to mobilize from the bone marrow stroma into 

peripheral blood in response to certain cytokines including granulocyte macrophage-

colony stimulating factor (GM-CSF) and EPCs in particular to vascular endothelial 

growth factor (VEGF) (Takahashi, et al. 1999). EPCs have been shown to differentiate 

towards endothelial cells in culture both with and without VEGF (Boyer, et al. 2000; 

Gehling, et al. 2000). Populations of smooth muscle progenitor cells (SPC) have also 

been isolated from peripheral blood.  SPCs cultured in the presence of PDGF have 

demonstrated increased production of smooth muscle cell markers such as smooth muscle 

α-actin, myosin heavy chain, and calponin.  However, they were also positive for bone 

marrow angioblastic markers such as:  CD34, Flk-1, Flt-1, but not Tek(Tie-2)  (Simper, et 

al. 2002). It is possible that SPCs derive from MSCs since recent evidence has 

demonstrated upregulation of smooth muscle phenotypes from MSCs (Seruya, et al. 

2004; Wang, et al. 2004; Ross, et al. 2006).  

MSCs have been injected i.v. and directly at the site of ischemia via catheter to 

initiate revascularization. MSCs have the ability to “home” to sites of inflammation and 

ischemia and initiate self-renewal of the injured site (DHHS 2006). However, while 
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trends indicated some improvement in flow rate, significance is limited. The primary 

hypothesis is that MSCs are not maintained at the site of ischemia or significant cell 

populations do not engraft into the host (O'Neill, et al. 2005). Myocardial injection via 

catheter demonstrates greater engraftment of MSCs and repair at acute MI sites compared 

to placebo controls (Amado, et al. 2005). Currently, clinical trials are applying this 

technique for MI patients. It has been demonstrated that engraftment of donor MSCs is 

limited over longer time-points and revascularization of the site regresses (Amado, et al. 

2005). By delivering MSCs within a matrix, one could promote and control 

differentiation by varying growth factor delivery, mechanical properties, degradation 

rates, and other material properties. Additionally, the matrix would stabilize the system 

limiting regression (Alsberg, et al. 2006). 

Tissue-Engineered Vascular Grafts 

Tissue engineering strategies have been applied to the creation of vascular grafts. 

The current paradigm employs seeding cells onto an engineered scaffold and culturing 

the construct in the presence of soluble paracrine factors with or without mechanical 

conditioning. Critical to the replacement of the coronary artery is the replacement of the 

medial layer of contractile smooth muscle as well as the non-thrombogenic lumenal 

layer. Medial equivalents aim to recapitulate the medial layer of the arterial wall thus 

providing mechanical strength sufficient for bypass grafting. Typically, cells are seeded 

onto a construct with or without exogenous or loaded growth factors and cultured in vitro 

over weeks to months. Medial equivalents can be cultured under pulsatile flow to mimic 



 12 

the natural loading of blood vessels, improving mechanical strength and aligning cells in 

the direction of flow (Niklason, et al. 1999). Nevertheless, medial equivalents are limited 

by cell number and long incubation time required in vitro.  

Endothelium presents a non-thrombogenic surface and providing an endothelial 

layer to the lumen of vascular grafts could improve patency of both synthetic and tissue-

engineered grafts. Clinical trials with Dacron grafts seeded with endothelial cells have 

described a 90.5% patency rate after 1 year following implantation (Laube, et al. 2000). 

Nevertheless, this method is limited by the number and proliferation capacity of 

endothelial cells (ECs). The use of endothelial progenitor cells (EPCs) or other stem cells 

may alleviate this issue, but requires a system to promote differentiation. Drugs to 

promote host endothelial migration and proliferation have been released from vascular 

implants but are limited by the number and proliferative capacity of available host 

endothelial cells. Pioneering work by Weinberg and Bell reported a vascular graft 

composed of layers of smooth muscle cells (SMCs) in a collagen gel, a Dacron mesh 

containing fibroblasts, followed by EC seeding (Weinberg and Bell 1986). While a graft 

could be formed, it had insufficient mechanical strength for vessel replacement. High 

strength, completely biological, blood vessel substitutes have been described. ECs and 

SMCs isolated from human umbilical veins and fibroblasts isolated from human dermis 

have been cultured over extended periods with measured burst strengths of 2000 mmHg. 

(L'Heureux, et al. 1998) 
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Revascularization 

Revascularization of ischemic tissue has the potential to enhance healing if new 

vessel growth can be maintained. Therapeutic angiogenesis aims to revascularize 

ischemic tissue by controlling drug or growth factor delivery. There have been a number 

of clinical and preclinical trials utilizing growth factor delivery systems to individually 

enhance neovascularization in distinct applications (Ennett and Mooney 2002; Mandinov, 

et al. 2003; Post and Simons 2003). However, they have been suboptimal in the clinical 

setting due, in part, to a lack of vessel stabilization. Specifically, delivered growth factors 

induce the formation of new vessels. However, without the necessary vessel stabilization 

cues, the newly formed vasculature regresses. In addition, growth factors have reduced 

stability in aqueous solutions leading to limited functionality (Wakefield, et al. 1990). 

Controlled growth factor delivery would maintain bioactivity, allow for control of the 

release rate, and improve revascularization of the ischemic site. More biologically 

relevant strategies make use of multiple growth factors and combinations of cells and/or 

growth factors. 

BIOMATERIALS FOR CARDIOVASCULAR TISSUE ENGINEERING 

Natural Scaffolds 

Natural polymers are widely utilized in tissue engineering since they generally are 

cell adhesive, biocompatible, biodegradable, and non-immunogenic. Additionally, many 

natural materials contain bioactive domains that can promote cell function and 

proliferation. The most commonly investigated natural materials in vascular tissue 
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engineering include fibrin, collagen, gelatin, and alginate. Fibrin is the main constituent 

of blood clots and formed by thrombin-mediated and covalent crosslinking of fibrinogen 

monomers (Mosesson 2005). Fibrin contains cell attachment domains and is 

biodegradable via specific proteases including plasmin and matrix metalloproteinases. 

Concentrations of fibrin(ogen) in the range of 1-10 mg/ml are suitable for vascular tissue 

engineering, but will degrade within 2 weeks in vivo. For vascular grafts constructed in 

vitro, SMCs or SPCs will compact the gel in the presence of ε-aminocaproic acid to 

enhance longevity and strength (Grassl, et al. 2002). Further, the fibrin matrix can be 

replaced or supplemented with other ECM molecules such as collagen or laminin 

(Isenberg, et al. 2006). Additional methods include the incorporation of covalent 

crosslinks via a homobifunctional amine-reactive PEG molecule (Zhang, et al. 2006) or 

factor XIIIa. These modified gels have maintained angiogenic and vasculogenic 

properties both in vitro and in vivo (Zhang, et al. 2006). 

A common method to release GFs from fibrin gels is entrapping the GF during the 

gelation process. The reaction conditions are gentle and can take advantage of fibrin and 

GF physical affinity (Grainger, et al. 1995; Sahni, et al. 1998; Sahni and Francis 2000) 

but release is typically uncontrolled and rapid. Some GFs such as bFGF and TGF-β1 

have relatively high affinity for the fibrin matrix and the release is correlated to gel 

degradation. Nevertheless, loading efficiency with this strategy is limited by the 

GF/fibrin affinity and stability of the GF (Giannoni and Hunziker 2003; Ishii, et al. 2007; 

Catelas, et al. 2008; Drinnan, et al. 2010). Other proteins or domains with physical 

affinity for GFs can be incorporated into fibrin gels to promote GF retention and release 
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via matrix remodeling. Further, many GFs bind to heparin, which can be incorporated 

into fibrin gels via a heparin-binding peptide. The GF release rate is controlled by 

varying the concentrations of heparin, GFs, and the heparin-binding peptide (Sakiyama-

Elbert and Hubbell 2000; Zisch, et al. 2001). 

Collagen and its derivative, gelatin, are commonly used for tissue-engineered 

vascular grafts because of their cell attachment domains, biodegradability, binding of 

ECM molecules, easy entrapment of cells, and fibril alignment when processed under a 

mechanical constraint (Seliktar, et al. 2000). Conditioning of the collagen grafts with 

cyclic loading improves mechanical function and facilitates SMC viability (Seliktar, et al. 

2000). Nevertheless, SMCs exhibit limited ECM deposition and proliferation when 

cultured in a collagen construct (Grassl, et al. 2002). EPCs have been injected within a 

collagen gel in an in vivo, ischemic murine hindlimb model. EPC retention and host 

revascularization was improved compared to cells or gels alone (Suuronen, et al. 2006). 

Synthetic Scaffolds 

Synthetic scaffolds are advantageous for tissue-engineered constructs due to 

greater control of material properties including strength, gelation time, pore size, when 

compared to natural polymers. Biocompatibility is an issue, especially in vivo whereby 

the implant can face rejection and fibrous encapsulation. Dacron grafts are widely used 

for synthetic bypass grafts due to their high biocompatibility and strength. Nevertheless, 

they can cause thrombosis with negative downstream consequences. This is particularly 
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apparent as the inner diameter approaches 6 mm or less. Thus, tight control must be 

implemented to ensure non-thrombogenic surfaces and high biocompatibility. 

Synthetic degradable polymers are popular for the formation of tissue-engineered 

vascular grafts because the material will ultimately be remodeled. PLGA, PLA, and PGA 

are widely investigated because the degradation end-products are non-toxic and 

degradation rate can be easily tailored. In a seminal work, Niklason et al. seeded SMC 

onto modified PGA surface shaped into a tubular construct and cultured the cells under 

pulsatile flow for 8 weeks. Following the 8-week in vitro culture, ECs were seeded onto a 

luminal surface to create a fully functional vascular graft. These grafts were implanted 

into an in vivo miniature pig model and demonstrated high patency compared to grafts 

cultured in non-pulsatile conditions (Niklason, et al. 1999). Niklason’s group has 

continued with these constructs by utilizing MSCs in lieu of differentiated SMCs. 

Differentiation of MSCs towards SMCs was signaled with the exogenous addition of 

TGF-β1 and PDGF-BB (Gong and Niklason 2008). 

PEG hydrogels are widely used for tissue-engineered vascular grafts because they 

can are biocompatible and allow for control over mechanical properties. Further, many 

PEG hydrogels are diacrylate derivatives of PEG that in the presence of UV and a photo-

initiator will form a hydrogel. Thus, they have the potential to be formed in situ at the site 

of ischemia. Cell adhesion peptides can be incorporated within the hydrogels by 

conjugating an RGDS peptide to the matrix with a heterobifunctional acryloyl-PEG-NHS 

(Mann, et al. 2001). However, SMCs cultured in these scaffolds demonstrate decreased 

proliferation and matrix production (Mann and West 2002). Tethering GFs such as TGF-
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β1 using the same acryloyl-PEG-NHS chemistry increased matrix production and elastic 

modulus. It is hypothesized that local presentation of the GF maintains bioactivity and 

promotes localized effects (Mann, et al. 2001). This same chemistry could incorporate 

other GFs to promote EC proliferation or activity (Leslie-Barbick, et al. 2009). Further, 

the cell adhesive domain RGDS can be patterned within gels to promote EC 

tubulogenesis (Moon, et al. 2009). 

Therapeutic revascularization does not lend itself towards treatment using 

monolithic synthetic materials. While ischemic tissue experiences a reduction in cell 

number and function, there is no loss of volume, which limits the use of prefabricated 

scaffolds. Microspheres are widely investigated since they are typically biodegradable 

and allow for host infiltration. VEGF has been incorporated into PLGA and PEG 

microspheres and maintained bioactivity when exposed to ECs in vitro (King and Patrick 

2000). Further VEGF and PDGF-BB have been incorporated into a PLGA scaffold and 

microspheres, respectively, and released with varying profiles to promote activity and 

proliferation of ECs and SMCs. When implanted in an in vivo model, increased capillary 

and SMC density was demonstrated (Richardson, et al. 2001). 

DELIVERY OF ANGIOGENIC FACTORS 

As stated above, numerous factors have been discovered that demonstrate high 

potential for angiogenesis and vasculogenesis (Table 1.1). Many of these factors are 

pleiotropic and demonstrate numerous functionalities within angiogenesis. Nevertheless, 

clinical trials with direct injection showed limited efficacy due to low protein stability, 
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non-localized delivery, and insufficient stability of capillaries (Henry, et al. 2003). 

Delivery from a graft or scaffold should stabilize bioactivity, provide a site for 

revascularization, and could provide stabilization signals for newly formed capillaries. 

VEGF 

VEGF is a highly investigated angiogenic GF and acts specifically on ECs to 

induce migration, proliferation, and formation of vessel formation. At sites of ischemia, it 

promotes migration of EPCs to signal revascularization, as well as EPC differentiation. 

VEGF has been incorporated into fibrin (Sakiyama-Elbert and Hubbell 2000; Zisch, et al. 

2001; Wong, et al. 2003), collagen (Koch, et al. 2006), gelatin (Ravin, et al. 2001), PLGA 

(Richardson, et al. 2001), and PEG (Leslie-Barbick, et al. 2009; Moon, et al. 2009) 

scaffolds. Further, VEGF has been encapsulated into PEG/PLGA (King and Patrick 

2000) and alginate (Keshaw, et al. 2005) microspheres. VEGF bioactivity is maintained 

in vitro (King and Patrick 2000; Sakiyama-Elbert and Hubbell 2000; Zisch, et al. 2001; 

Wong, et al. 2003; Keshaw, et al. 2005; Koch, et al. 2006; Leslie-Barbick, et al. 2009; 

Moon, et al. 2009) and has demonstrated increased capillary density and 

revascularization in vivo (Richardson, et al. 2001). 

bFGF 

Another important GF for angiogenesis is basic FGF (bFGF or FGF-2) that 

recruits supporting pericytes and SMCs to EC sites and stimulates EC and SMC 

proliferation and migration (Nugent and Iozzo 2000). Further, bFGF and VEGF can 

activate each other to promote an angiogenic phenotype of ECs in vitro and 
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neovascularization in vivo (Wiedlocha and Sorensen 2004; Presta, et al. 2005). BFGF 

contains a heparin-binding domain, and has been incorporated into heparin-loaded fibrin 

gels for controlled release (Sakiyama-Elbert and Hubbell 2000). BFGF loaded gelatin 

scaffolds (Thompson, et al. 1988) and alginate microspheres (Perets, et al. 2003) have 

demonstrated improved revascularization when implanted in vivo. 

TGF-β1 

TGF-β1, when exposed to a co-culture of ES cells and ECs has stabilized 

capillary-like structures formed in vitro within Matrigel (Darland and D'Amore 2001). 

TGF-β1 is a pleiotropic growth factor that has an indirect effect on the angiogenesis 

cascade by upregulating production of VEGF and bFGF from SMCs (Isner and Takayuki 

1998). Additionally, it has been hypothesized that TGF-β1 may recruit inflammatory 

cells that release VEGF, bFGF, and PDGF-BB and thus further influence angiogenesis 

(Ahrendt, et al. 1998; Li, et al. 2003). Furthermore, evidence has indicated that TGF-β1 

may induce SMC phenotype from a population of MSCs (Seruya, et al. 2004; Wang, et 

al. 2004; Ross, et al. 2006). TGF-β1 can be encapsulated into fibrin gels and associated 

with the matrix via physical affinity. Release rate is correlated to degradation rate, 

allowing control by altering the degradation rate (Catelas, et al. 2008; Drinnan, et al. 

2010). TGF-β1 has been incorporated into diacrylate-PEG gels via acrylate-PEG-NHS 

chemistry and exposed to encapsulated SMCs. SMCs demonstrated increase proliferation 

and activity due to the local presentation of TGF-β1 (Mann, et al. 2001). 
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Other Growth Factors 

Numerous other GFs and proteins have demonstrated angiogenic properties 

including angiopoietins, PDGF-BB, NGF, IGF-1, sonic hedgehog, hepatocyte growth 

factor (HGF), and stromal-derived growth factor-1α (SDF-1α). SDF-1α has been 

incorporated into fibrin gels PEGylated with a homobifunctional amine reactive PEG 

derivative. The homobifunctional PEG provides additional crosslinks increasing the 

longevity while providing domains for GF conjugation. SDF-1α had a zero-order release 

over 6 days and recruited a greater number of stem cells to an acute MI site compared to 

controls (Zhang, et al. 2007). HGF has been incorporated in a similar manner and 

implanted with MSCs into an acute MI model. MSC retention was greater compared to 

MSC injection alone, and improvement in heart function was demonstrated compared to 

controls (Zhang, et al. 2008).  

FUTURE DIRECTIONS AND CHALLENGES FOR CARDIOVASCULAR TISSUE ENGINEERING 

Much of the therapeutic vasculogenesis or angiogenesis field has focused on the 

delivery of single GFs to promote revascularization. Unfortunately, capillaries regress 

without additional GFs or stabilization signals reducing the efficacy of therapeutic 

angiogenesis schemes. Further, many tissue-engineered constructs for vascular grafting 

would benefit from SMC infiltration and matrix deposition, which could stabilize the 

system. Multiple GFs could promote both EC and SMC infiltration, proliferation, 

differentiation, and function for revascularization. Dual GF systems have been 

formulated to sequentially release two GFs (Richardson, et al. 2001; Drinnan, et al. 2010) 



 21 

to match the timing cascade described in embryonic vasculogenesis (Hirschi, et al. 1998; 

Hirschi, et al. 1999). Nevertheless, research is still required to develop multiple GF 

release platforms to screen different GFs for their use in vasculogenesis. 

As tissue-engineered constructs become larger, diffusion limits the volumetric 

size of three-dimensional scaffolds due to reduced nutrient and waste exchange. 

Currently the limit for scaffold thickness is on the order of 100 µm and a vascularized 

construct would be required for viability of larger tissues. GFs could be incorporated into 

scaffolds to either promote vascular cell differentiation or infiltration. Additionally, 

physical parameters could affect vascularization of the construct. Poly(ester ether) 

copolymers were constructed with varying pore sizes and examined for vascularization. 

Pore sizes above 250 µm promoted vascular ingrowth and function when evaluated in a 

dorsal skin fold mouse model (Druecke, et al. 2004). Thus, research is still required to 

elucidate the role of GFs and physical parameters on vasculogenesis. 

Current Work 

The current work has focused on the development of a system to load multiple 

GFs within fibrin gels to induce continued differentiation of MSCs towards both EC and 

SMC lineages. Fibrin gels were chosen because they are naturally angiogenic and 

promote endothelial tube formations from embedded human umbilical vein endothelial 

cells (HUVECs). This formation is similar to HUVEC plated onto Matrigel although 

HUVEC embedded within fibrin gels promotes greater EC gene expression compared to 

Matrigel (Zimrin, et al. 1995). Fibrin gels are biodegradable and contain binding sites for 
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αVβ1 that facilitates EC binding (Suehiro, et al. 1997). Fibrin contains a domain for the 

EC receptor vascular endothelial (VE)-cadherin. Interaction between VE-cadherin and 

fibrin promotes capillary tube formation and angiogenesis (Martinez, et al. 2001). 

Additionally, GFs such as TGF-β1, VEGF, and bFGF have been loaded into fibrin gels 

and have a delayed release rate correlated to gel degradation (Giannoni and Hunziker 

2003; Wong, et al. 2003; Catelas, et al. 2008; Drinnan, et al. 2010).  

Fibrin gels are formed when thrombin cleaves fibrinopeptide A (FPA) from 

fibrinogen allowing for fibrin monomers to align and undergo gelation. Fibrinogen 

molecules are fibril, 45 nm structures composed of two outer D domains connected with 

a central E domain. Three polypeptide chains, Aα, Bβ, and γ, are bound together by five 

disulfide bridges in the N-terminal E domain (Blomback, et al. 1976; Henschen, et al. 

1983). Aα-chain consists of 610, the Bβ-chain 461, and the main variant of the γ-chain, 

γA, 411 residues. A minor variant of the γ-chain, γ’, introduces two sulfated tyrosines 

affecting fibrin crosslinking (Mosesson 2005).  

FPA is located on N-terminus of the Aα-chain, and thrombin-mediated cleavage 

exposes the polymerization site, EA (Blomback, et al. 1978). The EA associates with a 

complementary-binding pocket (Da) in the D domain of a neighboring fibrin molecule 

(Pratt, et al. 1997) to form staggered overlapping end-to-middle domain arrangement and 

subsequent double-stranded fibrils (Mosesson, et al. 1989) (Fig. 1.1 and 1.2). Fibrin gels 

contain two types of branch junctions. The first is multiple double-stranded fibrils 

aligning laterally to form four-stranded fibrils, termed bilateral junctions. Equilateral 

junctions form when three fibrin molecules align to form double-stranded fibrils. 
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Equilateral junction formation is promoted when cleavage of FBA is relatively slow 

(Mosesson, et al. 1987). FBA cleavage is dictated by thrombin concentration, so 

equilateral junctions are preferentially formed as the concentration of thrombin decreases. 

Thrombin can expose another site of crosslinking by cleaving fibrinopeptide B 

(FPB) and expose a second site for polymerization, EB (Shainoff and Dardik 1983).  EB 

interacts with a complementary site on the β-chain of the D domain, Db. Both types of 

crosslinks and branch junctions can be formed, but the cleavage of FPB is relatively slow 

compared to FBA. This decreased rate promotes equilateral junction formation.  

Factor XIII is a protein found circulating in the plasma and released by platelets. 

The C-terminal regions of γ-chains of fibrin molecules contain a binding site for the 

activated form for factor XIII, factor XIIIa. Thrombin activates factor XIII, leading to 

covalent crosslinks of γ-chains. Crosslinked fibrin molecules are highly elastic under 

transverse loading, and can withstand strains (e) of 0.8 with full recovery (Roska and 

Ferry 1982). This is not replicated for non-covalently crosslinked fibrin molecules. 

Fibrin gels are enzymatically degraded by plasmin, a serum protease. Its inactive 

form, plasminogen, has binding sites for fibrinogen located on the distal portion of the 

αC-domain (Bok and Mangel 1985). Tissue-type plasminogen activator (tPA) converts 

plasminogen to plasmin, and has binding affinity in the same region as plasminogen 

(Tsurupa and Medved 2001). It is hypothesized that as fibrin gels form, bound 

plasminogen is activated by bound tPA and plasmin is released to the milieu to initiate 

enzymatic degradation (Mosesson 2005). Factor XIIIa crosslinked fibrin gels are 
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predominately degraded through plasmin, while non-covalently crosslinked gels will 

undergo hydrolysis. 

Fibrin has heparin binding domains that mediate cell-matrix interactions (Odrljin, 

et al. 1996; Yakovlev, et al. 2003). Fibrin-bound heparin mediates EC spreading, 

proliferation, capillary tube formation, and release of von Willebrand factor (vWF) 

(Ribes, et al. 1989; Chalupowicz, et al. 1995; Odrljin, et al. 1996). Further, many GFs 

have affinity for heparin and GFs have been loaded into fibrin gels via this mechanism 

(Sakiyama-Elbert and Hubbell 2000; Willerth, et al. 2007; Wood, et al. 2009). Other 

molecules have affinity for fibrin molecules including fibronectin (Mosesson 2005), 

VEGF (Sahni and Francis 2000), and bFGF (Sahni, et al. 1998). The above molecules can 

potentiate angiogenesis and promote embedded EC proliferation and tube formation. 

Non-covalently crosslinked fibrin gels will undergo hydrolysis within 1 week in 

vitro and 2 weeks in vivo. Factor XIIIa crosslinked gels will degrade rapidly in the 

presence of serum in vitro or contact with the plasma in vivo. This limits the functionality 

of these gels for tissue engineering, but Dikovsky et al. have developed an alternative 

strategy. They PEGylated fibrinogen with an acrylate-PEG derivative to crosslink 

fibrinogen and enzymatically degradable peptides with UV into a PEG gel (Dikovsky, et 

al. 2006). This maintains fibrinogen function and biodegradability. However, the 

structure of fibrin gels is essential for the angiogenic functions associated with 

fibrin(ogen) (Martinez, et al. 2001; Mosesson 2005). Our research group has reacted 

fibrinogen with homobifunctional, amine-reactive, PEG derivatives to allow thrombin-

mediated fibrin gel assembly and increase gel longevity (Zhang, et al. 2006; Zhang, et al. 
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2007; Zhang, et al. 2008; Drinnan, et al. 2010; Zhang, et al. In Press). Human MSCs 

embedded within the fibrin gels demonstrated upregulation of EC markers without the 

addition of GFs (Zhang, et al. In Press). However, SMC differentiation was limited, 

indicating a need for additional GFs. GFs can be loaded into the gels with three different 

mechanisms leading to different release profiles: covalent conjugation with the 

homobifunctional, amine-reactive PEG derivative leading to zero-order release (Zhang, et 

al. 2007; Zhang, et al. 2008), entrapment during gelation leading to rapid release via 

diffusion, and affinity between GF and fibrin(ogen) leading to release via degradation 

(Drinnan, et al. 2010) (Fig. 1.3).  

Objective and Specific Aims 

The primary objective of my studies was the development of a system to control 

the release of multiple growth factors from PEGylated fibrin gels to promote SMC 

differentiation and to stabilize EC differentiation in vitro.  The specific aims of this 

project were: 

1. Loading of PDGF-BB and TGF-β1 into fibrin gels PEGylated with a 

homobifunctional, amine-reactive PEG derivative. PDGF-BB was entrapped 

within fibrin gels during thrombin-mediated crosslinking and released via 

diffusion. TGF-β1 is bound to the matrix via physical affinity and conjugated 

through the PEG linker. Methods to control TGF-β1 release and degradation rate 

were explored. The effect of PEGylation on plasmin-mediated degradation was 

also examined. 
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2. Quantify and examine the affinity of TGF-β1 with fibrinogen. While the affinity 

between TGF-β1 and fibrinogen has been demonstrated with release studies, no 

group has quantified this association. Release rate of affinity-bound GFs is 

dependent on the disassociation constant, Kd, and gel degradation rate. Numerous 

assays were utilized to qualify and quantify this association. 

3. Embedding human MSCs within TGF-β1 loaded PEGylated fibrin gels to induce 

SMC differentiation. TGF-β1 inhibits MSC proliferation and stimulates SMC 

differentiation. TGF-β1 was exposed to MSC in 2D monolayers and gene 

expression and proliferation was examined. These studies were applied to 

embedded MSCs to characterize the differentiation potential of the loaded 

PEGylated gels. 
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Figure 1.1. 

Schematic diagram of fibrinogen and fibrin. Thrombin-mediated conversion of factor 

XIII to factor XIIIa and subsequent fibrin crosslinking is also depicted. Fibrin(ogen) 

contains domains that associate plasminogen and an activator, tPA. Interaction between 

the molecules release plasmin to the local environment to initiate degradation. Reprinted 

with permission from (Mosesson 2005). 
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Figure 1.2. 

Diagram of fibrin assembly, branching, lateral fibrin association, and γ-chain 

crosslinking. Individual fibrin monomers are represented in two-color schemes. 

Reprinted with permission from (Mosesson 2005). 
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Figure 1.3. 

Diagram depicting the mechanisms of loading into PEGylated fibrin gels. Conjugated 

fibrin gels exhibit a zero-order release profile. Entrapped GFs are released rapidly via 

diffusion. Affinity bound GFs release is correlated to gel degradation.
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Table 1.1 
Growth factors for angiogenesis and vasculogenesis 
Growth Factor/Drug Function 

VEGF EC migration, proliferation and vessel formation 
Migration and differentiation of EPCs 

bFGF 
Angiogenesis induced from endothelial cells 
Smooth muscle cell proliferation 
Differentiation of stem cells towards ECs and SMCs 

PDGF-BB Recruits SMCs and pericytes to stabilize de novo vessels 
SMC differentiation 

Angiopoietins (Ang-1 
and Ang-2) 

Promotes survival and migration of ECs 
Regulates mural differentiation and migration 
Stabilizes de novo vessels 

TGF-β1 Migration, stabilization, differentiation, and ECM synthesis of 
ECs and SMCs 

HGF Indirect factor that promotes upregulation of VEGF 
SDF-1α Migration of EPCs and stem cells to ischemic site 
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RELEASE OF TGF-β1 AND PDGF-BB 

Introduction 

Cardiovascular disease (CVD) is the leading cause of death in the developed 

world, accounting for 37% of all deaths in the United States and affecting 71.3 million 

Americans (AHA 2004). Peripheral arterial disease (PAD) affects 8 million Americans 

with a 5-year mortality rate of 30% (AHA 2008). CVD and PAD have similar causes 

including smoking, obesity, and hypertension. Patients diagnosed with PAD have a 

higher incidence of myocardial infarction (MI), stroke, and other CVD events. Both CVD 

and PAD lead to tissue ischemia causing MI and stroke in CVD and loss of limb 

function, limited wound healing, and amputation in PAD. Most treatments, particularly 

for PAD, focus on palliative care, thereby limiting infection and severity of symptoms. 

Revascularization of the ischemic tissue has the potential to enhance healing if new 

vessel growth can be maintained. 

One possible method to revascularize ischemic sites is therapeutic angiogenesis or 

vasculogenesis. The primary mechanism of revascularization is the delivery of bioactive 

agents including paracrine or growth factors (GFs). Unfortunately, clinical trials utilizing 

systemic injection of angiogenic growth factors (GFs) such as vascular endothelial 

growth factor (VEGF) and the basic form of fibroblast growth factor (bFGF) have had 

limited success (Epstein, et al. 2001; Goncalves, et al. 2001; Henry, et al. 2003). It has 
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been hypothesized that the short half-life of most GFs in aqueous solutions has led to a 

decreased bioactivity (Wakefield, et al. 1990). A controlled presentation of GFs would 

maintain their bioactivity, improving revascularization of the site. Nevertheless, repair of 

the ischemic site would require the regeneration of both the endothelial and mural cell 

populations. VEGF and bFGF are known to promote endothelial cell migration and 

proliferation, (Presta, et al. 2005; Roy, et al. 2006) while the BB isoform of platelet-

derived growth factor (PDGF-BB) and transforming growth factor-β1 (TGF-β1) are 

promoters of mural cell migration and differentiation (Bertolino, et al. 2005; Wang, et al. 

2006). Further, the Hirschi model for vasculogenesis describes a GF cascade indicating a 

need for the delivery of GFs in a timed fashion in order to achieve blood vessel 

maturation (Hirschi, et al. 1998; Hirschi, et al. 1999).  

One mechanism of controlled release is the incorporation of GFs into a tissue-

engineered scaffold. The scaffold would provide a site for revascularization and localize 

the delivery of the GFs to the ischemic area. Additionally, chemotactic agents could 

recruit host infiltration and enhance regeneration. Richardson et al. (2001) incorporated 

VEGF and PDGF-BB into a poly(lactic-co-glycolic acid) (PLGA) matrix and 

microspheres to present a controlled dual GF release. Increased blood vessel size and 

distribution were demonstrated with the multiple GF release compared to individual GF 

release. Previously, our group has incorporated stromal cell derived factor-1α (SDF-1α) 

and hepatocyte growth factor (HGF) into PEGylated fibrin gels with or without bone 

marrow mononuclear cells for delivery to a MI site (Zhang, et al. 2007; Zhang, et al. 

2008). In the acute, murine MI model, improved ejection fraction was noted, but 
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increases in blood vessel density were not correlated with functional improvement. This 

indicates that multiple GFs may be required for maintenance and stability of 

neovascularization. 

 Both natural and synthetic biomaterials have been explored as scaffolds for 

vascularization including PLGA, fibrin, collagen, gelatin, and alginate. Fibrin is the 

major constituent of blood clots and formed via thrombin-mediated crosslinking of 

fibrinogen (Mosesson 2005). Fibrin gels have been employed for wound healing as 

commercially available “fibrin glues” that stimulates capillary ingrowth. Furthermore, 

fibrin is biocompatible, cell adhesive, and biodegradable, but gels will undergo enzymatic 

degradation within 2 weeks without addition of fibrinolytic inhibitors (Mosesson 2005). 

Dikovsky et al. (2006) have utilized composite fibrinogen and poly(ethylene glycol)-

dicacrylate to create photocrosslinkable hydrogels with fibrinogen domains that have 

enhanced angiogenesis while maintaining biodegradability. Poly(ethylene glycol) (PEG) 

and its derivatives have been studied extensively for their biocompatibility and ease of 

modification; reactive groups can be incorporated into PEG in order to PEGylate 

biomolecules. Our group has PEGylated fibrin gels with an amine-reactive PEG 

derivative to include additional crosslinking sites and inhibit fibrinolysis (Zhang, et al. 

2006; Zhang, et al. 2007; Zhang, et al. 2008). Briefly, homobifunctional, first-generation 

PEG derivatives are reacted to α or ε amino groups readily available on lysine residues. 

This forms a stable amide bond and allows for protein conjugation or crosslinking 

(Roberts, et al. 2002; Zhang, et al. 2006; Zhang, et al. 2007; Zhang, et al. 2008). 

Nevertheless, PEGylated fibrin gels have demonstrated the ability to promote tube-like 
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formation and upregulation of endothelial markers including platelet/endothelial cell 

adhesion molecule (PECAM-1) and von Willebrand factor (vWF) in vitro from a 

population of mesenchymal stem cells (MSCs) without exogenous GF addition (Zhang, et 

al. 2006). Limited upregulation of smooth muscle α-actin (SMA) was noted indicating 

differentiation towards a mural cell phenotype, but additional factors would be required 

for continued differentiation. PDGF-BB and TGF-β1 are known promoters of mural cell 

differentiation from MSCs (Ross, et al. 2006; Gong and Niklason 2008) and stabilize 

capillary tube formation (Hirschi, et al. 1998; Hirschi, et al. 1999).  

The goal of this section was to control the release of PDGF-BB and TGF-β1 from 

PEGylated fibrin gels in order to potentially stabilize neovascularization and promote 

mural cell differentiation. Thus, we created an injectable hydrogel system with controlled 

release of two GFs. Potential applications include direct injection at ischemic sites, in 

vitro capillary network formation of endothelial and mural cells from a progenitor 

population, and delivery of GFs and MSCs within a fibrin gel matrix. PDGF-BB is a 

chemotactic agent for mural cell progenitors (Hirschi, et al. 1998; Hirschi, et al. 1999; 

Wang, et al. 2006) and promotes upregulation of early mural cell markers from MSCs 

(Ross, et al. 2006). TGF-β1 differentiates both mural cell progenitors and MSCs towards 

mature pericytes (Hirschi, et al. 1998; Hirschi, et al. 1999; Bertolino, et al. 2005; Ross, et 

al. 2006). Additionally, TGF-β1 is a promoter of fibrosis and inhibits endothelial 

migration (Border and Noble 1994). Uncontrolled or rapid release of TGF-β1 could cause 

fibrosis limiting the effectiveness of the implant. Additionally, TGF-β1 has a short half-

live in aqueous solvents and a delayed release scheme could maintain TGF-β1 bioactivity 
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(Wakefield, et al. 1990). Therefore, we aimed to release PDGF-BB rapidly while 

delaying the release of TGF-β1.  

In this study fibrinogen was reacted with a homobifunctional poly(ethylene 

glycol)-(succinimidyl α-methylbutanoate)2 (PEG-(SMB)2) to provide additional 

crosslinking sites and increase gel longevity (Fig. 2.1a). Proteins can be conjugated 

through the PEG-(SMB)2 linker to fibrinogen to incorporate within the gel (Fig. 2.1b). 

We have previously conjugated SDF-1α and HGF using a PEG linker leading to a zero-

order release (Zhang, et al. 2007; Zhang, et al. 2008). Furthermore, many GFs have high 

physical affinity to fibrinogen and fibrin including bFGF (Sahni, et al. 1998), VEGF 

(Sahni and Francis 2000), and TGF-β1 (Grainger, et al. 1995). When complexed into the 

fibrin matrix, release of GFs is degradation-controlled (Giannoni and Hunziker 2003; 

Wong, et al. 2003; Ishii, et al. 2007; Catelas, et al. 2008; Jung, et al. 2009). We 

hypothesized that modulation of the molar ratio of PEG to fibrinogen would alter the 

degradation rate of fibrin gels and thus control the release rate of loaded TGF-β1 (Fig. 

2.1d). PDGF-BB was entrapped in the gel during crosslinking and PDGF-BB was rapidly 

released from PEGylated fibrin gels via diffusion (Fig. 2.1c and 2.1e).  

Assessment of TGF-β1 and PDGF-BB release 

The first set of experiments examined the release rates of PDGF-BB and TGF-β1 

from fibrin gels. As stated previously, the goal was to rapidly release PDGF-BB via 

diffusion while TGF-β1 was sequestered within the gels due to either physical affinity or 

conjugation through the PEG linker (Fig. 2.1b and 2.1d).  
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METHODS AND MATERIALS 

PEGylation of fibrinogen, GF loading, and gelation 

PEG-(SMB)2 (Nektar Therapeutics, 3400 Da) or monofunctional mPEG-SMB 

(Nektar Therapeutics, 2000 Da) was added to a 80 mg/ml porcine fibrinogen (Sigma) 

solution in tris-buffered saline (TBS), pH 7.8 at molar ratios of 10:1 and 2:1 (Zhang, et al. 

2006; Zhang, et al. 2007; Zhang, et al. 2008). The reaction was allowed to occur over 1 

hour at 37ºC. mPEG-SMB was utilized to analyze the physical association of TGF-β1 

with fibrinogen.  Controls consisted of TBS used in lieu of PEG.  Following PEGylation, 

recombinant human TGF-β1 (R&D Systems) at a concentration of 200 ng/ml in a 0.1% 

bovine serum albumin (BSA) (Sigma) in TBS solution was added to PEGylated 

fibrinogen for 30 min at 37ºC as determined from previous publications (Zhang, et al. 

2007; Zhang, et al. 2008).  Dialysis with a 100 kDa MWCO membrane (Spectrum Labs) 

was performed overnight against TBS, pH 7.8 with a buffer change at 4 hours. Following 

purification, recombinant human PDGF-BB (R&D Systems) at a concentration of 800 

ng/ml in a 0.1% BSA in TBS solution was added to the TGF-β1 loaded PEGylated 

fibrinogen for 30 min at 37ºC.  Controls utilized 0.1% BSA solution in TBS in lieu of 

GF.  To initiate crosslinking and gelation, dual GF loaded PEGylated fibrinogen was 

exposed to a 25 U/ml human thrombin (Sigma) in 40 mM CaCl2 solution. Gelation time 

is dependent on thrombin concentration (Mosesson 2005) and at this range typical 

gelation time is 0.5-2 min. The final concentrations were 10 mg/ml fibrinogen, 1 or 0.2 

mg/ml PEG-(SMB)2, or 589 or 117.8 µg/ml mPEG-SMB, 25 ng/ml TGF-β1, 100 ng/ml 
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PDGF-BB, and 12.5 U/ml thrombin. The concentrations of TGF-β1 and PDGF-BB 

utilized in this manuscript were optimized to produce appropriate loading concentrations 

of GFs to induce SMC differentiation from MSCs as reported in the literature (Ross, et al. 

2006). 

Quantitative assessment of TGF-β1 and PDGF-BB release 

24-well plates were silinated using a commercial substrate (SigmaCote®, Sigma) 

per provided protocols.  Briefly, each of the wells was exposed to SigmaCote® for 30-60 

seconds and washed 4-5 times in deionized water.  Well plates were allowed to dry and 

sterilize overnight under UV.  500 µl fibrin gels were formed in silinated well plates and 

allowed to gel for 30 min.  Gels were incubated in phosphate-buffered saline (PBS) 

supplemented with 100 U/ml penicillin (Gibco), 100 µg/ml streptomycin (Gibco), and 

0.25 µg/ml amphotercin B (Gibco) (Release Media) to limit bacterial and fungal growth 

for 1 hour and the media was collected and stored in silinated microcentrifuge tubes at -

20ºC.  Release Media was collected, replaced, and stored at the following time points: 2, 

4, 6, 12, 24, and 48 hours for PDGF-BB analysis and 2, 4, 6, 8, and 10 days for TGF-β1 

analysis.  TGF-β1 and PDGF-BB release was quantified using commercial ELISA kits 

(Quantikine®, R&D Systems) per provided protocols. Samples from gels without GFs 

demonstrated that ELISA kits showed little affinity for degraded fibrinopeptides, 

fibrinogen, or fibrin. Briefly, the sample TGF-β1 and PDGF-BB concentration was 

compared against a standard curve and cumulative mass released was calculated. 

Released mass was normalized with loaded mass to obtain percentage released. Degraded 
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fibrinopeptide release was quantified with a commercial bicinchoninic acid (BCA) kit 

(Pierce) to determine gel degradation. Briefly, sample fibrinopeptide concentration was 

compared to a standard curve and cumulative mass of released fibrinopeptides was 

calculated. Released protein was normalized with initial gel mass to obtain mass loss. 

Colorimetric ninhydrin assay 

Incorporation of PEG at differing molar ratios was assessed with the ninhydrin 

assay. The following protocol was adapted from previous studies (Zhang, et al. 2006). 

Briefly, 100 µl of PEG-(SMB)2 and fibrinogen solutions were removed and reacted with 

500 µl of 4% (w/v) ninhydrin (Sigma) in ethanol and 500 µl 0.16% (w/v) stannous 

chloride (Fisher) in 200 mM citric acid buffer, pH 5.0 (Sigma) for 1 hour at 100ºC. The 

samples were analyzed with a spectrophotometer at a wavelength of 570 nm. Groups 

analyzed included: 10:1 and 2:1 molar ratios of PEG-(SMB)2: fibrinogen, fibrinogen 

alone, and TBS alone. The sample size of each group was 12. 

RESULTS AND DISCUSSION 

Dual GF release 

Temporal control of multiple GFs was demonstrated within the system. (Fig. 2.2 

and 2.3) Release of PDGF-BB occurred over 48 hours in all groups matching the 

desirable GF cascade for SMC differentiation (Hirschi, et al. 1998; Hirschi, et al. 1999). 

Release of PDGF-BB from PEGylated formulations was significantly more rapid than 

non-PEGylated formulations from 2-6 hrs (p<0.05), indicating that PEGylation inhibits 
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potential affinity of PDGF-BB to the fibrin matrix. This trend continued up to 48 hours 

but significance was not observed. TGF-β1 release occurred over 10 days in PEGylated 

formulations indicating a delayed release. Release of TGF-β1 from 10:1 PEG-(SMB)2 

formulation significantly differed from the 10:1 mPEG-SMB from days 2-10, 2:1 mPEG-

SMB from days 4-10, and the non-PEGylated formulations throughout (p<0.02). Further, 

release of TGF-β1 from the 10:1 PEG-(SMB)2 formulation has demonstrated similar 

trends up to 14 days (data not shown). Thus, the TGF-β1 release rate can be tuned by 

altering the formulation or molar ratio.  

PDGF-BB release is diffusion controlled 

PDGF-BB release was fitted to Ritger-Peppas models for diffusion controlled 

release (Ritger and Peppas 1987) assuming a Do of 10-6 cm2/s (Haugh 2006) and aspect 

ratio of 5.9. (Fig. 2.2) The aspect ratio was calculated from the diameter of the wells as 

determined by the manufacturer and the volume of the gels. The models are valid for 

short times as determined by the aspect ratio and Do. For these conditions, the models are 

valid up to 8 hours and fitted to the following equation using a linear regression model to 

determine the diffusional exponent values (n): , where M is the mass released at 

time t and k is a constant involving properties of the macromolecular network and the 

drug (Ritger and Peppas 1987). The diffusional exponent value indicates the transport 

mechanism, and the interpretation is dependent on the geometry or aspect ratio. For 

diffusional release, a value of 0.43-0.5 was expected. Calculated diffusional exponents 
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were 0.43 for 10:1 PEG-(SMB)2 (r2=0.999, SE<0.007), 0.41 for 10:1 mPEG-SMB 

(r2=0.959, SE<0.085), and 0.52 for non-PEGylated (r2=0.999, SE<0.012) formulations, 

indicating that PDGF-BB is released via diffusion.  

PDGF-BB was entrapped within PEGylated fibrin gels and released completely 

over 2 days. Release profiles were fitted to Ritger-Peppas models for diffusion-controlled 

release to validate that PDGF-BB was released via diffusion. The Ritger-Peppas model is 

only valid for the first 60% of the total release drug (excluding burst effects) and for short 

times defined by the diffusivity and aspect ratio. It was calculated for PDGF-BB that the 

models were only valid for the first 8 hrs. An appropriate value of the diffusional 

exponent value (n) is dependent upon the geometry and aspect ratio of the gel. In this 

case, with an aspect ratio of 5.9, the predicted value of n for diffusion-controlled release 

can vary from 0.43-0.5 (Ritger and Peppas 1987). The calculated diffusional exponent 

values were 0.43 for 10:1 PEG-(SMB)2, 0.41 for 10:1 mPEG-SMB, and 0.52 for non-

PEGylated gels. While outside the predicted range, the model assumes perfect sink 

conditions, which were not replicated in this experimental design. Further, the gel 

geometry is better represented as a slab, whose aspect ratio is defined as greater than 50. 

Nevertheless, release of PDGF-BB was rapid in all experimental groups. Calculated 

exponent values may approach the predicted values with additional samples at time 

points less than 8 hr. 

The significantly more rapid release of PDGF-BB from PEGylated formulations 

compared to the non-PEGylated formulation demonstrated that the diffusivity of PDGF-

BB is greater within the PEGylated gels. This may indicate that PEGylated formulations 
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have a greater swelling ratio compared to non-PEGylated gels, but recent work from our 

group demonstrated no significant difference in swelling ratios between PEGylated and 

non-PEGylated gels (Zhang, et al. In Press). Additionally, PDGF-BB has slight affinity 

for the fibrin matrix (Dohan, et al. 2006), and PEGylation may sterically inhibit PDGF-

BB and fibrin interaction. Affinity of PDGF-BB and the fibrin matrix was not 

demonstrated within this system, but future studies could employ strategies to improve 

this interaction and delay PDGF-BB release. 

TGF-β1 release depends on gel formulation 

Release of TGF-β1 from PEGylated fibrin gels was dependent on degree of 

PEGylation (Fig. 2.3). All formulations demonstrated a 20-45% burst release over 2 days 

and a loading efficiency of 31.2 ± 8.2% (mean ± standard deviation). As the molar ratio 

of PEG to fibrinogen increased, the release rate of TGF-β1 was delayed. Further, release 

rate was dependent on the functionality of the reactive PEG. Fibrin gels PEGylated with 

homobifunctional PEG-(SMB)2 tended to sequester TGF-β1 to a greater extent than 

monofunctional mPEG-SMB at the same molar ratio (Fig. 2.3). This suggested that TGF-

β1 covalently conjugated to fibrinogen through the PEG-(SMB)2 linker. Additionally, the 

delayed release of TGF-β1 indicated that TGF-β1 release was not primarily released via 

diffusion. 
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PEG incorporation 

Incorporation of PEG at differing molar ratios was assessed to validate that the 

PEG and fibrinogen reaction had a dependency in the concentrations studied (Fig. 2.6). 

The ninhydrin assay quantified the number of free amines remaining in solution thus 

assessing the degree of PEGylation. The 10:1 PEG-(SMB)2 molar ratio demonstrated the 

lowest absorbance indicating the fewest number of free amines. Further, the absorbance 

of the 2:1 molar ratio groups significantly differed from the fibrinogen alone and the 10:1 

molar ratio group (p<0.03), thus reacting with fewer amines than the 10:1 molar ratio 

group. Therefore, no saturation or threshold effects were observed in the PEG-(SMB)2 

and fibrinogen reaction. 

Degradation of PEGylated fibrin gels 

Degradation rate of PEGylated fibrin gels was quantified by measuring protein 

release with a BCA assay. As the molar ratio increased between PEG and fibrinogen, the 

release rate was significantly decreased (p<0.03) (Fig. 2.4). Complete degradation of 

non-PEGylated formulations occurred by day 4 while the 2:1 PEG-(SMB)2 and 2:1 

mPEG-SMB occurred by 12 days. Gels with the 10:1 PEG-(SMB)2 have been observed 

to not fully degrade for up to 45 days in vitro. While homobifunctional and 

monofunctional PEGs demonstrated significantly different TGF-β1 release rates at the 

same molar ratio, the degradation rate was not significantly dependent on the degree of 

PEG functionality at the 10:1 molar ratio indicating that PEG is sterically inhibiting 
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degradation of the fibrin gels.  This hypothesis was examined by exposing fibrin gels to a 

fibrin-specific protease, plasmin. 

TGF-β1 release rate is highly correlated to degradation rate (r>0.85, p<0.002) in 

all formulations indicating that TGF-β1 release was degradation-controlled. Further, this 

correlation calculation includes the burst release of TGF-β1 which was not replicated in 

the degradation rate. While the BCA assay and ELISA for TGF-β1 both measure protein 

release, the overall protein release was on the order of milligrams compared to the TGF-

β1 release whose order is on the nanogram scale.  The correlation was demonstrated 

regardless of formulation, indicating that TGF-β1 had high physical affinity for the fibrin 

matrix. Nevertheless, TGF-β1 release rates were dependent on the degree of PEG 

functionality indicating that TGF-β1 loading is a combination of schemes 1 and 3 as 

presented in Fig. 2.1. 

Release of TGF-β1 was delayed for up to 10 days in PEGylated formulations. 

Release rate was highly correlated to degradation rate demonstrating that TGF-β1 was 

primarily loaded via physical affinity. Nevertheless, the release rate with 

homobifunctional formulations was significantly less rapid than monofunctional 

formulations at the same molar ratio. This indicated that TGF-β1 was covalently 

conjugated to fibrinogen through the PEG-(SMB)2 linker. Thus, TGF-β1 was loaded as a 

combination of schemes 1 and 3 as presented in Fig. 2.1. Nevertheless, degradation 

curves can serve as a predictor of TGF-β1 release rate, thus allowing one to screen 

potential gel formulations for TGF-β1 release. 
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Plasmin-Mediated Degradation 

Fibrin gels degrade by numerous mechanisms including hydrolysis and enzymatic 

degradation (Mosesson 2005). Hydrolysis is rapid and gels will disassociate in vitro 

within 2 days without the presence of stabilizing factors such as factor XIIIa that 

introduces covalent crosslinks (Mosesson 2005). PEGylation of fibrin gels with 

homobifunctional, amine-reactive PEG derivatives has similar effects, retarding gel 

degradation, and increasing longevity (Zhang, et al. 2006; Zhang, et al. 2007; Zhang, et 

al. 2008; Drinnan, et al. 2010; Zhang, et al. In Press). Plasmin, a fibrin-specific protease, 

degrades the factor XIIIa crosslink and serves as the physiological mechanism to remodel 

fibrin gels. Plasmin circulates in the plasma and released by cells associated with wound 

healing in an inactive form, plasminogen. Activator enzymes such as tissue plasminogen 

activator (tPA) or urokinase are released to convert plasminogen to plasmin (Mosesson 

2005). PEGylation may inhibit plasmin-mediated degradation, and thus, graft or host 

tissue could not remodel the gels. The purpose of this set of experiments was to examine 

the effect of plamsin on PEGylated fibrin gels. 

METHODS AND MATERIALS 

Fibrinogen was PEGylated with either PEG-(SMB)2 or mPEG-SMB at 10:1 or 2:1 

molar ratios as described above without the addition of GFs. 500 µl gels were formed in 

silinated 24-well plates and allowed to undergo gelation for 30 min at 37ºC. Gels were 

washed with Release Media to removed unreacted products. Plasminogen (Calbiochem) 

was prepared at 2.5 U/ml in PBS and 5 U was exposed to each gel. 10 U of urokinase 
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(Calbiochem) in deionized water was exposed to each gel to activate plasminogen to 

plasmin and gels were incubated at 37ºC. 100 µl samples were removed after 10 min, 1, 

2, 5, 12, 24, 48, 72, and 96 hours (full degradation) incubation. Protein release was 

quantified with a commercial BCA kit (Pierce) to determine gel degradation. 

RESULTS AND DISCUSSION 

Plasminogen was reacted with urokinase to form plasmin, which was then 

exposed to fibrin gels for 4 days and buffer samples were analyzed with a BCA assay 

(Fig. 2.5). Protein release was not detected until 1d incubation time in all groups. 

PEGylation significantly delayed fibrin gel degradation in all groups when compared to 

non-PEGylated gels (p<0.04) at the 1d time point. This delay in PEGylated gel 

degradation was maintained for days 2-3 except for the 2:1 mPEG-SMB group.  Thus, 

PEGylation inhibited enzymatic degradation as demonstrated in the protein release 

curves. Nevertheless, PEGylated gels did degrade by day 4 indicating that the gels could 

be remodeled by either host or graft tissue. 

TGF-β1 Bioactivity 

TGF-β1 release studies (Fig. 2.3) indicated that some conjugation of TGF-β1 to 

fibrinogen occurred. PEGylation of TGF-β1 could reduce bioactivity thus limiting the 

potential for this system. Further, TGF-β1 has a short half-life in solution (Wakefield, et 

al. 1990) and the long processing times to incorporate TGF-β1 could affect bioactivity of 
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the gel. It is hypothesized that incorporation of TGF-β1 into the gel would protect TGF-

β1 and preserve bioactivity. The purpose for this set of studies was to test this hypothesis. 

METHODS AND MATERIALS 

Mv1Lu mink lung epithelial cells when exposed to bioactive TGF-β1 demonstrate 

decreased proliferation. Bioactivity of conjugated TGF-β1 was assessed using the Mv1Lu 

mink lung epithelial cell growth inhibition assay.  Mv1Lu cells were obtained from 

ATCC (Manassas, VA) and expanded in MEM with Earle’s Salts and L-glutamine 

(Gibco) supplemented with 10% FBS (Gibco), 100 µM non-essential amino acid solution 

(Gibco), 0.011% (w/v) sodium pyruvate (Gibco), 0.15% (w/v) sodium bicarbonate 

(Sigma), 100 U/ml penicillin (Gibco), 100 µg/ml streptomycin (Gibco), and 0.25 µg/ml 

amphotercin B (Gibco) at 37°C in a 5% CO2 atmosphere.  Media was changed every 2-3 

days. 

Fibrin gels loaded or unloaded with dual GF were formed in the upper chamber of 

6.5 mm diameter transwells with 0.4 µm pore size (Corning).  Simultaneously, Mv1Lu 

cells were harvested with 0.25% trypsin/EDTA solution and a pellet was formed by 

centrifugation at 130 g for 7 min at 4ºC.  Cells were seeded into the lower chamber of the 

transwells at 50,000 cells per well in media containing 1% serum.  Cells and gels were 

allowed to attach and undergo gelation, respectively, for 30 min at 37ºC.  The upper 

chambers containing fibrin gels were then exposed to the cells for 2 days.  Controls 

consist of gels without GFs. All data was normalized to Mv1Lu cells cultured in media 

containing 1% serum for 2 days. 
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After 2 days, growth inhibition was assessed with calcein AM (Sigma) dye 

uptake.  Fresh Mv1Lu cells were harvested, seeded in a new lower chamber at 50,000 

cells per well in media supplemented with 1% serum, and allowed to attach for 30 

minutes at 37ºC and 5% CO2.  The upper chambers containing fibrin gels were 

transferred to the new culture and cultured for 2 days in standard conditions.  Previously 

exposed cells were rinsed with PBS, washed in PBS for 30 min, and then incubated with 

500 µl of 4 mM calcein AM dye (Sigma) in PBS solution at 37ºC and 5% CO2.  

Following 30-60 min, fluorescence was quantified with excitation and emission 

wavelengths of 494 nm and 517 nm using an FLX800 plate reader (Biotek).  Fluorescent 

intensity for cells exposed to fibrin gels was normalized to the intensity of untreated cells.  

Proliferation was assessed at days 2, 4, 6, and 8. 

RESULTS AND DISCUSSION 

Fibrin gels loaded with TGF-β1 were exposed to subconfluent cultures of Mv1Lu 

mink lung epithelial cells to ensure loaded TGF-β1 maintained bioactivity. (Fig. 2.7) 

Proliferation of Mv1Lu cells was monitored by calcein AM dye uptake and normalized to 

cells unexposed to fibrin gels. In PEGylated formulations, released TGF-β1 significantly 

inhibited Mv1Lu proliferation up to day 8 when compared to gels without TGF-β1 

(p<0.05). There was insufficient release of TGF-β1 from non-PEGylated fibrin gels after 

6 days to inhibit Mv1Lu proliferation (Fig. 2.7c). This parallels the TGF-β1 release 

curves (Fig. 2.3), indicating that TGF-β1 did not alter degradation products of fibrin gels 

which could affect Mv1Lu proliferation. 
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PDGF-BB was admixed into fibrinogen solution and entrapped during gelation. 

While PDGF-BB has some affinity for fibrinogen, little reduction in bioactivity was 

hypothesized. Bioactive PDGF-BB stimulates proliferation and migration of human MSC 

(hMSCs) (Ross, et al. 2006), and hMSCs were used to validate bioactivity. Many 

experiments were conducted whereby released PDGF-BB was concentrated with 

centrifugal dialysis membranes (Millipore, 10k MWCO) and exposed to subconfluent 

cultures of hMSCs. Released PDGF-BB did not stimulate hMSC proliferation when 

compared to negative controls. Positive controls demonstrated similar cell numbers 

compared to untreated hMSCs indicating that PDGF-BB may not effect proliferation as 

predicted. PDGF-BB promotes SMC differentiation from bone marrow-derived 

multipotent adult progenitor cells (MAPCs) which are similar to MSCs (Ross, et al. 

2006). The exposure of PDGF-BB to hMSCs could have promoted differentiation, 

thereby limiting proliferation. Further experiments would be required to elucidate these 

effects. Migration was examined by separating concentrated PDGF-BB from hMSCs 

stained with fluorescent CellTraacker® dye (Invitroge) in Boyden migration chambers of 

pore sizes ranging from 10-40 µm. Again, positive (same concentrations as concentrated 

PDGF-BB) and negative controls were similar to concentrated PDGF-BB in number of 

migrated cells. Nevertheless, the loading mechanism of PDGF-BB was not hypothesized 

to affect bioactivity. If further examinations determine that loaded PDGF-BB has reduced 

bioactivity, processing time could be reduced by loading PDGF-BB just prior to 

thrombin-mediated gelation with little predicted effect on PDGF-BB release. 
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Conjugation and loading of TGF-β1 did not affect bioactivity of TGF-β1. Further, 

TGF-β1 has a half-life of less than 2 hrs in aqueous solvents (Wakefield, et al. 1990), but 

bioactivity was maintained for 8 days in PEGylated formulations. Therefore, loaded 

TGF-β1 demonstrated greater stability when coupled with the matrix. Additionally, in a 

forming fibrin clot in vivo, TGF-β1 is bound to a latent binding protein (latent TGF-β1 

binding protein) and associated with the matrix (Grainger, et al. 1995). Activated TGF-β1 

is released as the clot degrades via plasmin thereby modulating wound healing. While 

fibrin PEGylation inhibited plasmin-mediated degradation (Fig. 2.5), gels were 

completely degraded by 4 days. Thus, cells could release activated plasmin and modify 

the matrix structure, thereby releasing bioactive TGF-β1 to induce capillary stabilization 

and mural cell differentiation. 

Conclusion 

I have demonstrated a rapid release of PDGF-BB and delayed release of TGF-β1 

from PEGylated fibrin gels. These release profiles parallel vasculogenesis models for 

capillary tube stabilization and mural cell differentiation (Hirschi, et al. 1998; Hirschi, et 

al. 1999). Further, differentiation of MSCs towards pericytes is predicted to require a 

similar GF cascade to form mature mural cells and pericytes (Ross, et al. 2006). Thus, 

this system could potentially be employed for a variety of applications targeting CVD 

and PAD. 

Several groups have demonstrated similar release curves whereby one GF or drug 

is rapidly released via diffusion while the release of another GF or drug is limited by gel 
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degradation. Baumann et al. (2009) developed an injectable, multiple GF delivery 

platform for neural tissue repair. Briefly, 2,3-Dioxo-6-nitro-1,2,3,4-

tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX) and/or bFGF is 

loaded into the gel phase of a blend of hyaluronan and methyl cellulose and rapidly 

released via diffusion. N6,2’-O-dibutyryladenosine 3’,5’-cyclic monophosphate sodium 

salt (dbcAMP) and/or epidermal growth factor (EGF) is loaded into PLGA microspheres 

and released as the PLGA degrades. It is hypothesized that the NBQX and bFGF will 

protect damaged neural tissue while the dbcAMP and EGF will facilitate nerve 

regeneration (Baumann, et al. 2009). The release profiles are similar to the release curves 

of PDGF-BB and TGF-β1 described here. Richardson et al. (2001) loaded VEGF within 

a PLGA matrix for rapid diffusional release. PDGF-BB was encapsulated into PLGA 

micospheres and incorporated into the PLGA matrix. Release was delayed as the PLGA 

degraded. In an in vivo murine hindlimb acute ischemia model, increased blood vessel 

size, distribution, and SMA density was demonstrated (Richardson, et al. 2001). Our 

research group has previously demonstrated that MSCs embedded within PEGylated 

fibrin gels have an upregulation of the endothelial markers PECAM-1 and vWF (Zhang, 

et al. In Press). It is predicted that the inclusion of PDGF-BB and TGF-β1 will promote 

migration, proliferation, and differentiation of mural cell progenitors. 

I developed a GF release system that allows multiple GF to be released with 

varying rates from an injectable hydrogel. We predict that the release profiles in vivo 

would follow similar trends as the current in vitro study. PDGF-BB will be released 

rapidly to the local region to initiate mural and endothelial progenitor cells to the site of 
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ischemia. The relatively low concentration compared to systemic injections should 

decrease systemic side effects despite quick release. As the cells remodel the matrix, 

TGF-β1 should be released to act upon the local ischemic site. Nevertheless, potentially 2 

or more GFs could be incorporated within the PEGylated fibrin gel to promote 

endothelial and mural cell infiltration and/or differentiation. Amine groups are ubiquitous 

on many proteins and thus, there are multiple GF candidates including HGF and SDF-1α 

that could be conjugated to the fibrin matrix to obtain a zero-order release (Zhang, et al. 

2007; Zhang, et al. 2008). Many GFs in addition to TGF-β1 have high physical affinity 

for fibrinogen and fibrin including bFGF (Sahni, et al. 1998) and VEGF (Sahni and 

Francis 2000). The release profile is dependent on the strength of the interaction of fibrin 

or fibrinogen with the GF, but release rate is delayed and predicted by gel degradation 

rate. Finally, GFs with low physical affinity with fibrinogen can be released rapidly via 

diffusion by simple entrapment. While it is hypothesized that the current formulation will 

induce mural cell differentiation and stabilization, other GFs could be incorporated within 

PEGylated fibrin gels to further promote neovascularization. Finally, multiple GFs could 

be loaded within PEGylated fibrin gels for other regenerative applications including 

bone, cartilage, or neural repair. 

Release rate of PDGF-BB and TGF-β1 from injectable PEGylated fibrin gels can 

be temporally controlled to match the proper GF cascade for mural cell differentiation 

and maturation. PDGF-BB was released via diffusion over 2 days in all formulations 

while TGF-β1 was sequestered up to 10 days indicating a delayed release. TGF-β1 

release rate was dependent on the degree of PEG functionality and was highly correlated 
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to gel degradation rate indicating that the loading mechanism for TGF-β1 was a 

combination of covalent conjugation and physical affinity of TGF-β1 to the fibrin matrix. 

By modulating the molar ratio of PEG to fibrinogen, TGF-β1 release can be tailored 

without affecting the release of PDGF-BB. This system could be expanded to incorporate 

GFs loaded via 3 schemes with differing release rates allowing for a high degree of 

flexibility in other combinational drug delivery and tissue engineering systems. 
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(a) PEGylation of fibrinogen 

 

(b) GF loading scheme 1: Covalent Linkage (Zhang, 
et al. 2007; Zhang, et al. 2008) 

 
(c) GF loading scheme 2: Entrapment 

 

(d) GF loading scheme 3: Physical Affinity 

 
(e) Thrombin-mediated crosslinking 

 
Figure 2.1.  
Schematic of 3 mechanisms to load GF into fibrin gels. (a) depicts PEGylation of 
fibrinogen with amine reactive PEG. (b) depicts conjugation of GF through 
homobifunctional PEG (Zhang, et al. 2007; Zhang, et al. 2008). (c) depicts admixing of 
GFs into PEG and fibrinogen solution. (d) depicts physical affinity of particular GFs with 
fibrinogen. (e) depicts thrombin-mediated gelation of fibrinogen into PEGylated fibrin 
gels loaded with multiple GFs.  
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Figure 2.2.  

PDGF-BB release from 10:1 PEG-(SMB)2 ( ), 10:1 mPEG-SMB ( ), and non-

PEGylated gels ( ) over 48 hours. PDGF-BB release from PEGylated formulations was 

significantly more rapid than non-PEGylated formulations from 2-6 hours (p<0.05). 

Release rates were predicted using the Ritger-Peppas models for diffusion controlled 

release (inset) (Ritger and Peppas 1987). Fitted diffusional exponent values are 0.43 for 

10:1 PEG-(SMB)2, 0.41 for 10:1 mPEG-SMB, and 0.52 for non-PEGylated gels. 
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Figure 2.3.  

The release of TGF-β1 from different formulations of PEGylated fibrin gels. The release 

rate from the 10:1 PEG-(SMB)2 formulation significantly differed from the 10:1 mPEG-

SMB from days 2-10, 2:1 mPEG-SMB from days 4-10, and non-PEGylated formulations 

throughout (p<0.02). TGF-β1 is sequestered in gels at the 10:1 PEG-(SMB)2 formulation 

for at least 10 days. 
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Figure 2.4.  

As degree of PEGylation of fibrinogen is increased, degradation rate is decreased. Protein 

release is highly correlated (r>0.85, p<0.002) to TGF-β1 release (Fig. 2.3) in all 

formulations indicating that TGF-β1 release is degradation-controlled. 
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Figure 2.5.  

Plasmin-mediated degradation is delayed in PEGylated fibrin gels, but degradation is 

complete within 4 days. Degradation was not detected until 1d incubation in all groups. 

Results between 10 min and 12 hrs are not plotted for clarity. 
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Figure 2.6.  

As molar ratio of PEG-(SMB)2 to fibrinogen increases, a significantly increased 

incorporation of the PEG is observed. All groups significantly differ from each other 

(p<0.03). N = 12 for all groups. Data is reported as mean ± standard deviation. 
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(a) 

 

(b)  

 
(c) 

 

Figure 2.7.  

Dark bars are gels with loaded TGF-β1 and light bars are gels without loaded TGF-β1. 

Bioactivity of loaded TGF-β1 when exposed to subconfluent Mv1Lu mink lung epithelial 

cells is significantly maintained for 8 days in 10:1 PEG-(SMB) (a) and 10:1 mPEG-SMB 

(b) groups and for 6 days in non-PEGylated groups (c). Proliferation was assessed by 

calcein-AM dye uptake and normalized to untreated cells.  Bioactivity of loaded TGF-β1 

parallels TGF-β1 release curves (Fig. 2.3). Line indicates significance of p<0.05. N = 9 

for all groups. Data is reported as mean ± standard deviation. 
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AFFINITY OF TGF-β1 AND FIBRINOGEN 

 

Introduction 

The extracellular matrix (ECM) alters the bioactivity, availability, presentation 

and activation of numerous growth factors (GFs) (Rusnati and Presta 2006). One 

mechanism is via binding of GFs to remove them for solution or to specifically present 

GFs to the local cell milieu. By incorporation into the ECM, it can stabilize the molecule 

increasing molecular and activity half-life (Wakefield, et al. 1990). Further, proteases 

released from cells or present in serum can activate and release the GF from the ECM in 

response to various stimuli (Wakefield, et al. 1990; Grainger, et al. 1995). GF function 

can be dictated by interactions with the ECM. Many GFs are pleiotropic and function 

upon multiple pathways. The activity of the basic form of fibroblast growth factor (bFGF 

or FGF-2) is dependent on the integrin αvβ3 that has a binding site on fibrin and 

fibrinogen. The interaction between the bFGF receptor and αvβ3 promotes endothelial 

cell (EC) proliferation and production of proteases to degrade and remodel the fibrin 

matrix (Sahni, et al. 2004; Sahni, et al. 2006).  

As demonstrated in Chapter 2, the primary hypothesis for the loading mechanism 

of transforming growth factor-β1 (TGF-β1) into PEGylated fibrin gels is the potential 

affinity of TGF-β1 with fibrin or fibrinogen (Drinnan, et al. 2010). Fibrin gels PEGylated 

with monofunctional or homobifunctional amine-reactive poly(ethylene glyocol) (PEG) 
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derivatives demonstrated differences in release rate not replicated in gel degradation rate, 

indicating that TGF-β1 was covalently conjugated through the PEG linker. Nevertheless, 

TGF-β1 release was delayed with monofunctional PEG derivatives and release was 

highly correlated (r>0.83) to gel degradation demonstrating that TGF-β1 has affinity for 

fibrinogen and/or fibrin. Other research groups have shown similar results with TGF-β1 

loaded into unmodified fibrin gels, whereby TGF-β1 release rate is highly correlated to 

gel degradation rate (Giannoni and Hunziker 2003; Catelas, et al. 2008; Jung, et al. 

2009). Fibrin gels at the concentration ranges employed in these studies (5-20 mg/ml) are 

not amorphous, but fibrous in nature. Pore size is large compared to the size of TGF-β1 

(27 kDa), and therefore, gel structure should not impede TGF-β1 release. This affinity 

was replicated across multiple lots of fibrinogen (Catelas, et al. 2008) demonstrating that 

it is independent of fibrinogen source. Nevertheless, to my knowledge, no research group 

has examined or quantified the affinity between fibrinogen and/or fibrin and TGF-β1. 

Many other GFs have high physical affinity to fibrinogen and fibrin including 

bFGF (Sahni, et al. 1998) and vascular endothelial growth factor (VEGF) (Sahni and 

Francis 2000). The dissociation constants, Kd, between VEGF and both fibrinogen and 

fibrin have been measured using Scatchard analysis. It was predicted that VEGF has 

affinity for 2 sites on fibrinogen with Kd’s of 5.9 and 462 nM (Sahni and Francis 2000). 

Following polymerization of fibrinogen to fibrin using thrombin, the Kd’s were altered to 

0.13 and 97 nM (Sahni and Francis 2000). Exposure of VEGF to fibrin after gelation 

demonstrated 1 binding site with a Kd of 9.3 nM (Sahni and Francis 2000). Thus, 

fibrinogen and fibrin have domains of high affinity for VEGF where VEGF can be 
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sequestered within the matrix. These GFs have been complexed into fibrin matrices, and 

release rate was correlated to gel degradation rate (Wong, et al. 2003; Ishii, et al. 2007).  

A binding protein, latent binding protein TGF-β1 (LTGF-β1) is associated with 

fibrin matrices at the site of fibrin blood clots (Wakefield, et al. 1990). LTGF-β1 binds 

with TGF-β1 and maintains TGF-β1 in an inactive state. As plasmin is released from 

platelets, bioactive TGF-β1 is released from the clot via plasmin-mediated degradation of 

both the gel and LTGF-β1 to participate in wound healing (Grainger, et al. 1995). Trends 

indicated that a similar phenomenon was possible with activated TGF-β1 (unassociated 

with LTGF-β1), but data was statistically insignificant (Grainger, et al. 1995). It should 

be noted; all the release studies described in the current manuscript were conducted with 

activated TGF-β1 (Giannoni and Hunziker 2003; Catelas, et al. 2008; Jung, et al. 2009; 

Drinnan, et al. 2010). 

Fibronectin (FN) is an ECM molecule associated with fibrinogen samples. 

Fibrinogen is isolated from plasma, and while separated from other proteins, FN is 

typically co-isolated with fibrinogen due to similar sizes (340 kDa for fibrinogen and 440 

kDa for FN) and morphologies. Additionally, fibronectin is incorporated into fibrin 

matrices during gelation (Mosesson 2005). Many GFs have high affinity for FN including 

VEGF (Goerges and Nugent 2004) and hepatocyte growth factor (HGF) (Lamszus, et al. 

1996) leading to EC migration (Rahman, et al. 2005) and modulation of inflammation 

(Goerges and Nugent 2004). TGF-β1 also has high affinity with FN with association 

constants, Ka, calculated to approximately 2.96 x 103 M-1 s-1 (Mooradian, et al. 1989). Kd 
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was indeterminate due to minimal dissociation at pHs between 4.0 and 10.0. At pH less 

than 4.0, 50% of bound TGF-β1 would dissociate from FN within 2 hours (Mooradian, et 

al. 1989). Thus, TGF-β1 has high affinity for FN which could be incorporated into fibrin 

gels. Since dissociation is minimal at neutral pH, TGF-β1 would only be released as the 

gel degrades. My first hypothesis to describe the loading mechanism of TGF-β1 into 

fibrin gels is the affinity of TGF-β1 and FN. 

The purpose of this section is to demonstrate affinity of fibrinogen and TGF-β1. 

The first goal was to quantify the association of FN and TGF-β1 and compare to TGF-β1 

with either fibrinogen or FN-depleted fibrinogen. Due to issues encountered with the 

project, subsequent studies focused on fibrinogen and TGF-β1 for reasons that will be 

discussed later. The final goal was to determine the Ka and Kd between fibrinogen and 

TGF-β1 by examining disassociation with buffers with varying pH and salinity.  

ELISA and FAA between FN and TGF-β1 

TGF-β1 has high affinity for FN (Mooradian, et al. 1989) which is associated 

with fibrinogen samples and can be incorporated into fibrin gels during crosslinking 

(Mosesson 2005). To examine this affinity, a solid-phase, binding, enzyme-linked 

immunoassay (ELISA) and fluorescent antibody assay (FAA) were developed to quantify 

the affinity. ELISAs and FAAs can fall into many different categories, but are commonly 

used to quantify protein/protein binding. An ELISA and FAA were developed that we 
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named reverse FAA and forward ELISA, but function as modified sandwich FAAs 

ELISAs (Fig. 3.1). 

REVERSE FAA 

Materials and Methods 

The first FN and TGF-β1 examined consisted of a modified sandwich FAA that 

we dubbed the reverse FAA (Fig. 3.1a). 100 µl of 2.0 µg/ml capture antibody (cAb) for 

human TGF-β1 (R&D Systems, Duoset®) was adsorbed overnight at room temperature 

onto a poly(styrene) surface (ELISA plates, R&D Sytems). All buffers were at pH of 7.4. 

CAb was aspirated and plates were washed 3X with 0.05% Tween 20 (Sigma) in PBS 

(Washing buffer). Multiple blocking reagents were screened to assess blocking potential, 

including 5% Tween 20 and 0.05% NaN3 (Sigma) in PBS (Standard Blocking Buffer), 

7.5% BSA in HEPES buffer (Sigma), 0.2% porcine Type A gelatin in PBS (Sigma), 2% 

bovine Type B gelatin in PBS (Sigma), and a proprietary solution, SuperBlock (Pierce), 

with 0.05% Tween 20. Blocking reagents were added and allowed to block for 1 hour at 

37ºC.  Following washing, 100 µl of recombinant human TGF-β1 (R&D Systems) at 4 

ng/ml in 0.1% BSA in PBS was added to each well and incubated for 2 hours at 37ºC. 

After washing, 100 µl of human FN (Sigma) at 40 ng/ml in PBS was added to each well 

and incubated for 12 hrs at room temperature to maximize potential binding (Mooradian, 

et al. 1989). Wells were washed 3X and incubated with a sheep IgG, hFN primary Ab 

(R&D Systems) at 1 µg/ml for 2 hours at 37ºC. Wells were washed again, and FITC-

conjugated, donkey, anti-sheep IgG at 30 µg/ml in water was incubated for 2 hours at 
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37ºC. To quantify bound FN, FN standards in the range of 3.125-200 ng/ml were 

adsorbed overnight and blocked with the same reagents listed above. Fluorescence was 

measured using a FLX800 plate reader (Biotek) plate reader set for FITC filter cubes.  

To validate TGF-β1 adsorption, a TGF-β1 ELISA was developed from a Duoset® 

starter kit (R&D Sytems). The same steps listed above were followed up to TGF-β1 

incubation. Following TGF-β1 incubation, 100 µl biotinylated anti-human TGF-β1 

detection Ab (Duoset®, R&D Sytems) at 300 ng/ml in Duoset® Dilutent (R&D Systems) 

was incubated for 2 hours at 37ºC. Wells were washed and exposed to streptavidin-

horseradish peroxidase (HRP) (R&D Systems) at 1:200 dilution in Dilutent and incubated 

for 20 min at 37ºC. Color substrate (R&D Systems) was mixed following standard 

procedures and incubated with the wells for 20 min at room temperature away from light. 

Standards of TGF-β1 in the range of 15.625-2000 pg/ml were used to quantify TGF-β1 

binding. Absorbance was measured with an ELX800 plate reader (Biotek) at 450 nm and 

corrected against 570 nm. 

Results and Discussion 

Standards of TGF-β1 and FN were utilized to validate that TGF-β1 was captured, 

validate blocking for Abs, and quantify FN adsorption (Fig. 3.2). Assays for standards 

demonstrated that standard blocking buffer was sufficient for Ab blocking and predictive 

equations could be developed for both TGF-β1 and FN.  

Examination of the reverse FAA for FN binding (Fig. 3.3) demonstrated little 

blocking of FN with the standard blocking buffer. In this study, FN alone is FN 
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adsorption after addition of the blocking agent. TGF-β1 alone group was used to examine 

the affinity of the FN Ab for TGF-β1 or the cAb. The FN alone group has similar 

intensity of FITC compared to TGF-β1 with and without FN. This indicated that the 

blocking reagent was insufficient to block FN. Other blocking reagents and other FN 

concentrations tested demonstrated similar results; intensity for all groups was not 

significantly different. While predictive curves could still be formulated (Fig. 3.2a), the 

FN alone control made the FAA unsuitable for further analysis. Additionally, there was 

concern that blocking could mask the binding site of TGF-β1 from FN. Also, TGF-β1 is 

present in the plasma, so plasma-derived proteins could contain endogenous amounts of 

TGF-β1 thereby fouling the results. However, SuperBlock is non protein-based detergent 

which demonstrated similar results. I decided at this time to pursue the forward ELISA to 

take advantage of the high adsorption rate of FN to poly(styrene). 

FORWARD ELISA 

Materials and Methods 

The same reagents were utilized from the Reverse ELISA described above. 

Briefly, FN was adsorbed onto poly(styrene) overnight at room temperature. Blocking 

was conducted with the same blocking reagents listed above for 1 hour at 37ºC.  100 µl of 

recombinant human TGF-β1 at 4 ng/ml in 0.1% BSA in PBS was incubated with 

adsorbed FN for 2 hours at 37ºC. Buffer pH was maintained at 7.4 throughout the 

experiment. Detection was conducted with the same antibodies used to validate TGF-β1 
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binding. To quantify TGF-β1 binding, cAb was adsorbed overnight similar to the 

protocol listed above. FN adsorption was validated with the FN FAA. 

Results and Discussion 

The forward binding ELISA was first conducted with the standard blocking buffer 

(Fig. 3.4). Unfortunately, the same problem was encountered as with the reverse FAA, no 

blocking reagent was sufficient to block TGF-β1 since both TGF-β1 after blocking and 

TGF-β1 with FN demonstrated similar presence of TGF-β1 (Fig. 3.4). Other blocking 

reagents were screened to find a suitable blocking buffer. Standards curves obtained with 

all blocking reagents demonstrated regression lines with minimal error (R2>0.97) (Fig. 

3.5a). Nevertheless, no blocking reagent demonstrated significant blocking of TGF-β1 

limiting the potential application of these ELISAs (Fig. 3.5b). 

Having examined numerous blocking reagents, I decided to approach the problem 

differently. The issue of blocking is a common theme throughout this chapter as we 

continue forward. TGF-β1 readily adsorbs to nearly any surface and has a short half-life 

both in solution and on the surface (Wakefield, et al. 1990). The only blocking agent that 

seemed to provide sufficient blocking was SigmaCote® (Sigma) (Drinnan, et al. 2010), a 

silanating agent that is contained within heptane. Unfortunately, heptane will denature 

many proteins, limiting its functionality for blocking. Further, TGF-β1 can be found 

within plasma, and many of these blocking agents are plasma protein derived. TGF-β1 

could potentially bind to the ECM proteins present in these blocking agents. 
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Nevertheless, this does not explain all the issues encountered with the FN and TGF-β1 

FAA and ELISA.  

A western blot was employed to validate FN and TGF-β1 binding, but technical 

issues were present with this assay. TGF-β1 did not transfer to the nitrocellulose 

membrane as predicted over multiple trials. Later experiments using western blots with 

TGF-β1 demonstrated little problems, so it is predicted that further tests might yield 

positive results. Nevertheless, while it is possible to quantify Kd and Ka with western 

blots, it is more challenging than other methods employed. Given that the primary goal 

was to analyze TGF-β1 and fibrinogen affinity, I decided to forgo FN and TGF-β1 

binding assays. Western blots for FN and TGF-β1 still have great potential and could be 

examined in future studies. 

Western blot for TGF-β1 and fibrinogen 

Western blots are commonly utilized to validate affinity of two proteins. Under 

native conditions, proteins are reacted together and allowed to migrate though a gel due 

to native charge. Thus, non-covalent protein affinity can be determined. Protein 

concentrations can be varied and compared to standard curves to determine Kd and Ka, 

although this process is time consuming. Nevertheless, the goal of this portion of the 

project was to validate TGF-β1 and fibrinogen affinity. 
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MATERIALS AND METHODS 

This protocol was adapted from Hammers et al. (2008). TGF-β1 (R&D Systems) 

and fibrinogen (Sigma) were reacted for 45 min at 37ºC. Fibrinogen and TGF-β1 alone 

were utilized as controls. For denaturing conditions, samples were boiled in 2X 

Laemmli’s Sample buffer (BioRad) for 5 min. For native conditions, samples were mixed 

in 4X Native buffer (BioRad). Samples were loaded into a 5% stacking-15% separating 

polyacrylamide gel. Following electrophoresis, samples were transferred to a PVDF 

membrane (Millipore) and blocked with 5% milk in 0.1% Tween-20 in TBS (TTBS) for 

1 hour. Membranes were exposed to 1:1000 dilutions of anti-hTGF-β1 (R&D Systems, 

Abcam, Peprotech) primary antibodies in 5% BSA in TTBS overnight at 4ºC. Then 

1:1000 secondary antibodies conjugated to horseradish peroxidase in 5% milk in TTBS 

were exposed to membranes for 2 hr at 4ºC. Blots were imaged with Chemidox XRS 

system (BioRad). 

RESULTS AND DISCUSSION 

Western blot analysis was conducted with Abs purchased from multiple 

companies with limited success. The sensitivity of the mouse anti-TGF-β1 from R&D 

Systems in native conditions was low, where the detection limit is on the order of 

µg/band. This sensitivity is comparable to Abs provided from other companies and Ab 

search companies such as Abcam. This detection limit proved to be cost-prohibitive 

particularly as the number of experiments increased. While blots could be conducted in 

reducing and denaturing conditions, fibrinogen and TGF-β1 affinity would not be 
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detected. A mouse anti-TGF-β1 from Abcam had appropriate sensitivity, but positively 

stained fibrinogen only controls. This was replicated with mouse anti-TGF-β1 from 

Peprotech in denaturing conditions (Fig. 3.6). 

Examining the primary structures of TGF-β1 and fibrinogen predicted some 

overlap and potential sharing of epitopes. However, fibrinogen is a large molecule whose 

structure can vary greatly depending on pH, salinity, temperature, and components of 

media (Mosesson 2005). It is difficult to predict if the overlap in the primary structures 

would be replicated in the tertiary structure. Another potential problem is that TGF-β1 

could be associated with plasma fibrinogen and co-isolated with fibrinogen. None of the 

above Abs were tested against porcine TGF-β1, so their affinity to porcine fibrinogen is 

unknown. The release studies conducted in Chapter 2 were conducted using ELISAs 

against TGF-β1. Control gels without TGF-β1 showed little positive results as the gel 

degraded. 

SPR Analysis 

Surface plasmon resonance (SPR) assays are highly sensitive systems to quantify 

Ka and Kd. At the interface of a dielectric and metal, focused p-polarized light can create 

plasmons or plasmonic waves that can be detected by looking for voids in the intensity of 

reflected light (Fig. 3.7).  The angle of incidence is highly sensitive to the dielectric 

constant which is a function of the size of the dielectric. By adsorbing or conjugating 

proteins to the surface of the dielectric, the dielectric constant varies leading to changes 

in SPR angle. By exposing protein in a mobile phase to the protein in the solid phase, 
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protein-protein binding can cause changes in the dielectric constant by altering the size of 

the dielectric. The changes can be monitored in real-time, allowing for precise temporal 

measurement of association and disassociation. 

MATERIALS AND METHODS 

This section of the project was conducted with a Biacore 1000 which was made 

available courtesy of Dr. Jennifer Maynard’s lab in the chemical engineering department 

of the University of Texas at Austin. Biacore CM5 chips were exposed to 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling 

reagents (Biacore) to conjugate amine-containing proteins to the surface. Human TGF-β1 

(ligand, R&D Systems) at 2.4 µg/ml or 89 nM in HEBES buffered solution (HBS), pH 

5.0 was exposed to the activated surface at 10 µl/min. Excess NHS groups were 

quenched with ethanoalamine (Sigma). Porcine fibrinogen (receptor, Sigma) at 313 nM 

in HBS, pH 7.4 was exposed to TGF-β1 surface at 50 µl/min. Resonance was monitored 

in real-time to monitor association and disassociation. 

RESULTS AND DISCUSSION 

Sensograms from the Biacore demonstrated that TGF-β1 would conjugate onto 

the modified gold surface at pH 5.0. Following quenching, fibrinogen was added to the 

mobile phase and allowed to interact with TGF-β1. Little binding was detected between 

fibrinogen and TGF-β1 indicating that TGF-β1 and fibrinogen had little affinity. This 

contradicts results from Drinnan et al. (2010) where we demonstrated that TGF-β1 was 
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loaded into fibrin gels via physical affinity. When protocols were being constructed, it 

was not appreciated that proteins with pI > 6 required alterations to standard protocols. 

The pI of TGF-β1 is 8.6, affecting conjugation onto gold surfaces with acidic buffers. It 

was suggested that fibrinogen (pI is 4.9) be restructured as the ligand and conjugated to 

the surface. However, there was concern that the Biacore1000 was not sensitive to detect 

the much smaller TGF-β1 bound to fibrinogen. Future studies could examine this further 

by examining fibrinogen fragments that are smaller. Additionally, one could locate 

potential binding sites for TGF-β1 on the fibrinogen molecule. A cAb for TGF-β1 could 

also be conjugated onto the chip to better preserve the fibrinogen binding site on TGF-β1. 

Nevertheless, a binding ELISA was proposed to determine affinity between fibrinogen 

and TGF-β1. 

TGF-β1 and Fibrinogen FAA 

A binding FAA between TGF-β1 and fibrinogen was constructed by modifying 

the reverse TGF-β1 and FN FAA depicted in Fig. 3.1a. The cAb was removed and 

fibrinogen was utilized in lieu of FN. Previous data indicated that TGF-β1 readily 

adsorbs to most surfaces regardless of blocking agent, and this system eliminates issues 

with blocking TGF-β1. It was hypothesized that the issues with blocking agents with FN 

would not be replicated with fibrinogen.  
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MATERIALS AND METHODS 

TGF-β1 (R&D Systems) at 2 µg/ml in 0.1% BSA (Sigma) in PBS is adsorbed for 

3 hours at 37ºC onto poly(styrene) plates and blocked with a variety of blocking agents 

overnight at room temperature. Buffer pH was maintained at 7.8. Blocking agents include 

SuperBlock buffer (Pierce), 4% BSA (Sigma) in PBS, 10% non-fat dry milk in PBS, 

0.5% casein (Sigma) and 0.5% Tween 20 (Sigma) in PBS, 10% FBS (Invitrogen) in PBS, 

5% porcine gelatin (Sigma) in PBS, 10% heat inactivated FBS (Invitrogen) in PBS, and 

salmon serum derived SeaBlock (Pierce). Porcine fibrinogen (Sigma) at 200 µg/ml is 

then exposed to the TGF-β1 for 3 hours at 37ºC. Bound fibrinogen is quantified using 

Abs. A primary sheep anti-human fibrinogen antibody (Affinity BioReagents) at 100 

µg/ml in PBS was exposed to bound fibrinogen for 2 hours. Next, a FITC-conjugated 

donkey anti-sheep IgG secondary antibody (Jackson ImmunoResearch) at 30 µg/ml was 

incubated with the samples for 2 hours. Fibrinogen concentration was compared against a 

standard curves adsorbed on the plate in the range of 0.625-200 µg/ml. Blanks consisted 

of PBS, pH 7.8 in lieu of fibrinogen. Washing buffer was 0.5% Tween 20 in PBS. 

Standard curves were constructed by adsorbing fibrinogen for 3 hours at 37ºC followed 

by blocking. 

To test the affect of adsorption on TGF-β1, plates pre-conjugated with cAb were 

purchased (Quantikine®, R&D Systems). TGF-β1 at 2 ng/ml was incubated with cAb for 

2 hours at 37ºC. Following washing, porcine fibrinogen at 40 mg/ml was exposed to 

bound TGF-β1 for 2 hours at 37ºC. Primary and secondary antibodies were used in the 

same concentrations listed above to detect presence of bound fibrinogen.  
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RESULTS AND DISCUSSION 

The TGF-β1/fibrinogen binding FAA was first conducted with the proprietary 

non-protein based SuperBlock. Standards for fibrinogen were analyzed with log-linear 

regression with good correlation between fluorescent intensity and natural log of 

fibrinogen concentration (Fig. 3.8a, R2>0.97). However, the binding FAA demonstrated 

no significant difference between TGF-β1/fibrinogen group and control groups (Fig. 

3.8b). For the remainder of this section, negative control denotes fibrinogen adsorption 

after blocking while positive control denotes blocking after fibrinogen adsorption.  

Quantikine® TGF-β1 ELISA kits (R&D Systems) had been successfully used 

within my laboratory to quantify TGF-β1 concentration with samples of fibrinogen. They 

function by capturing TGF-β1 with a preadsorbed cAb and proceeding with standard 

sandwich ELISA protocols. Since the pre-blocked plates had been successfully utilized 

with fibrinogen samples in the past, they were tested with the TGF-β1 and fibrinogen 

binding FAA. Unfortunately, the blocking agent used by R&D Systems was insufficient 

to block fibrinogen (Fig. 3.9). 

Different blocking agents were screened to determine a blocking agent that would 

provide sufficient blocking (Fig. 3.10). 4% BSA, 10% non-fat dry milk, 0.5% casein, 

10% FBS, salmon serum derived SeaBlock, 5% porcine gelatin, and 10% heat inactivated 

FBS were tested. Significance (p<0.04) was only demonstrated in 10% FBS and 10% 

heat inactivated FBS groups. Studies continued with 10% FBS since the difference in 

intensities between positive and negative controls was greater in magnitude. Log-linear 
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regression was conducted with fibrinogen standards and a predictive equation was 

determined (Fig. 3.11a, R2>0.95). However, no significant difference was demonstrated 

between the various groups tested in the binding FAA (Fig. 3.11b). This trend was 

replicated with multiple experiments indicating that 10% FBS was insufficient to block 

fibrinogen. 

As with the FN and TGF-β1 binding ELISA and FAA, no blocking agent tested 

demonstrated significant blocking of fibrinogen. It is unclear what is the causal factor that 

limits blocking of these molecules. This phenomenon was independent of incubation 

temperature and incubation time of FN and fibrinogen. Further, untreated and tissue-

culture treated poly(styrene) demonstrated similar results (all results presented are with 

untreated poly(styrene)). While affinity may be present between TGF-β1 and fibrinogen, 

the high background limits efficacy of the system. Further, many protein-protein affinity 

assays are dependent on blocking non-specific adsorption severely limiting alternative 

assays. Subsequent studies focused on prelabeling TGF-β1 and loading within fibrin gels 

to demonstrate delayed release. 

Fluorescein Labeling of TGF-β1 

Proteins can be labeled with detection molecules to monitor progress of release or 

binding affinity. A common labeling technique is reacting proteins with NHS-fluorescein 

providing a fluorescent tag to the molecule. NHS reacts with free amines available on 

most proteins under neutral reaction conditions. TGF-β1 has 16 free amines (Fig. 3.12) 

indicating high conjugation potential of TGF-β1. Fluorescein labeled-TGF-β1 (fTGF-β1) 
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was then loaded into PEGylated fibrin gels and fluorescent intensity was monitored from 

both released media and the gel. 

MATERIALS AND METHODS 

NHS-fluorescein (Pierce) in DMSO was reacted with 1.014 µg of human TGF-β1 

(R&D Systems) in 25 mM borate buffer (Sigma), pH 8.0 at 200 molar excess for 2 hours 

on ice away from light. Controls consisted of 25 mM borate buffer, pH 8.0 in lieu of 

TGF-β1. Unreacted NHS-fluorescein was removed with dye removal columns (Pierce, 

catalog number 22858) using standard procedures. Briefly, 150 mM of NaCl2 was added 

to NHS-fluorescein/TGF-β1 solutions and placed into columns containing the resin. The 

columns were centrifuged for 30s at 1000g and columns were discarded. FTGF-β1 

concentration was determined with an ELISA (R&D Systems). The ELISA functions 

with a capture antibody for TGF-β1 and fluorescein conjugation was assessed with a 

FLX800 plate reader (Biotek). To validate binding potential of NHS-fluorescein, NHS-

fluroescein was reacted with glycine and lysine controls at free amine equivalent to TGF-

β1 in the same conditions listed above. NHS-fluorescein only controls in the same 

reaction and purification conditions as fTGF-β1 were also analyzed Labeled TGF-β1 was 

loaded into non-PEGylated fibrin gels in as outlined chapter 2. FTGF-β1 concentration 

was 25 ng/ml; glycine, 1.11 ng/ml (equal amine groups); lysine, 1.08 ng/ml; fluorescein 

only was at equal dilution of fTGF-β1 after dye-removal columns.  Media was collected 

at 10 min, 1, 2, 10, 20 hrs, 1, 2, 6, and 10 days. Fluorescent intensity was quantified from 
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both media samples and gels using a FLX800 plate reader (Biotek). Intensity was 

normalized to intensity of 10 min. 

RESULTS AND DISCUSSION 

Release studies with labeled lysine and glycine and equivalent amine 

concentrations demonstrated similar release rate to fluorescein only groups (Fig. 3.13a). 

While gels without labeled products were utilized as blanks, fluorescein labeled lysine 

and glycine were retained (9.8±2.01%) in non-PEGylated gels after 2 days. Similar 

results were demonstrated with fTGF-β1 where background was too high to detect fTGF-

β1 release (Fig. 3.13b). Media samples follow similar trends as the fluorescein 

maintained within gels. The pore sizes of fibrin gels are large, and release rate of 

fluorescein molecules was predicted to be rapid. This indicates that the removal columns 

were insufficient to eliminate unreacted fluorescein, and therefore, fTGF-β1 could not be 

detected from background. Unreacted NHS groups could be removed using size 

exclusion chromatography, but research with fTGF-β1 proved to be cost prohibitive to 

optimize.  

Radiolabeled TGF-β1 

The next assay loaded prelabeled 125I-TGF-β1 into fibrin gels to monitor TGF-β1 

release. The use of radiolabeled proteins was commonly used to determine Ka and Kd 

between proteins (Mooradian, et al. 1989; Sahni, et al. 1998; Sahni and Francis 2000). In 

recent years, ELISAs have supplemented radiolabeled protein work due to their increased 
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sensitivity, improved costs, and decreased hazards. Since the problems encountered with 

ELISAs limited their functionality, radiolabeled assays were pursued. 

MATERIALS AND METHODS 

3.7 µCi/ml at a specific activity of 148 µCi/µg of 125I-TGF-β1 (PerkinElmer) was 

loaded into fibrin gels at the following concentrations: fibrinogen, 10 mg/ml; 125I-TGF-

β1, 25 ng/ml or 3.7 µCi/ml; and human thrombin (Sigma), 12.5 U/ml. Gels were formed 

in silanated culture tubes and incubated at 37ºC. Media was collected and replaced 

completely once a day, and specific activity was measured with γ-counter provided by 

Dr. John Ivy in the department of Kinesiology at the University of Texas at Austin. 

Change in specific activity was monitored by comparing to a standard curve of 0.03125-8 

ng of 125I-TGF-β1 maintained incubated at 37ºC for the duration of the study.  

RESULTS AND DISCUSSION 

Fibrin gels loaded with 125I-TGF-β1 did not undergo thrombin mediated gelation 

and thus, release of 125I-TGF-β1 was not monitored. Control gels without 125I-TGF-β1 

formed in the same reaction conditions did undergo gelation, indicating that a solvent of 

substrate in the 125I-TGF-β1 buffer affected fibrin gelation. It was hypothesized that a 

metal chelator such as EDTA could be used as a preservative. Cleavage of fibrinogen by 

thrombin is dependent on Ca2+ (Mosesson 2005). A chelator could effectively remove 

calcium ions from solution, inhibiting gelation. Correspondence with PerkinElmer 

indicate that chelators were not present with the 125I-TGF-β1, but the buffer was 
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proprietary. As such, they could not provide a sample to test the effect of the buffer on 

fibrin gelation. 

Conclusions 

The goal of this section was to quantify TGF-β1 and fibrinogen association and 

determine conditions to optimize TGF-β1 loading into fibrin gels. Unfortunately, no 

assay presented here was sufficient to detect fibrinogen and TGF-β1 affinity. No 

blocking agent successfully blocked fibrinogen, FN, or TGF-β1 adsorption limiting the 

functionality of ELISAs and FAAs. Silanating well-plates did inhibit TGF-β1 and 

fibrinogen adsorption, but silanating agents are in heptane solutions that cause protein 

denaturation. Future work would need to focus on solution-based techniques or self-

assembling monolayers to present a non-fouling surface. SPR demonstrated some 

promise to quantify fibrinogen and TGF-β1 affinity, but the sensitivity of the Biacore 

1000 was problematic. More sensitive Biacore devices are available, but it still requires 

additional optimization steps. Additionally, fibrinogen fragments could be conjugated to 

the surface and exposed to mobile TGF-β1. Fragment choice would be essential to ensure 

that the TGF-β1 binding site would be maintained. A cAb for TGF-β1 could be 

conjugated onto the chip to better preserve the fibrinogen binding site on TGF-β1. It is 

unknown what inhibited gelation of fibrin gels loaded with 125I-TGF-β1. Other groups 

have loaded 125I labeled VEGF and bFGF into fibrin gels with little effect (Sahni, et al. 

1998; Sahni and Francis 2000; Wong, et al. 2003). While release profiles of TGF-β1 



 101 

from fibrin gels indicate that TGF-β1 has high physical affinity for fibrin or fibrinogen 

(Giannoni and Hunziker 2003; Catelas, et al. 2008; Drinnan, et al. 2010), it is possible 

that fibrin strongly entraps TGF-β1 via ionic interaction. Negatively charged domains of 

fibrin are exposed as thrombin cleaves fibrinogen to initiate crosslinking (Mosesson 

2005). At neutral pH, TGF-β1 is positively charged (pI = 8.6) and could interact with the 

negative domains. The assays presented above may not replicate this phenomenon since 

they focus on fibrinogen and TGF-β1 interactions. Isolating fibrin molecules is difficult 

since they readily crosslink due to physical association and hydrogen bonding. Further, 

altering the pH below the pI of fibrin would stimulate hydrolysis and enzymatic 

degradation of the gels. Assays would need to be carefully constructed to limit these 

variables. 
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A. Reverse FAA B. Forward ELISA 

 
 

Figure 3.1.  

FAA and ELISA designs for FN and TGF-β1 binding. The Reverse FAA is depicted in 

(A) whereby TGF-β1 is captured with an cAb and FN binding is quantified with Abs 

against FN. The forward ELISA is depicted in (B) where FN is adsorbed onto the surface 

and TGF-β1 binding is detected with HRP conjugated TGF-β1 Abs.  
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A. 

 
B. 

 

Figure 3.2  
FAA and ELISA standards for adsorbed FN (A) and TGF-β1 (B), respectively, with 
standard blocking buffer. Regression was conducted on log-log plots to get predictive 
equations. Calculated R2 > 0.98.
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Figure 3.3.  

Reverse FAA examining amount of FN bound. In this study, FN alone is FN adsorption 

after addition of the blocking agent. TGF-β1 alone group was used to examine the 

affinity of the FN Ab for TGF-β1 or the cAb.  No significance demonstrated between any 

of the groups. 
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Figure 3.4.  

Forward ELISA examining bound amount of TGF-β1 with the standard blocking buffer. 

Blank and FN only had no TGF-β1 while TGF-β1 was adsorbed after blocking. 

Therefore, TGF-β1 alone should be a negative control. TGF-β1 alone and FN and TGF-

β1 groups are significantly different from both blank and FN alone (p<0.01). Standard 

blocking buffer is insufficient to block TGF-β1. 
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A. 

 
B. 

 

Figure 3.5.  
Forward ELISAs to detect bound TGF-β1 screening multiple blocking agents. Control 
consists of blanks using TGF-β1 buffer. FN only had no TGF-β1 while TGF-β1 alone 
should serve as a positive control. Standards (A) demonstrate that predictive functions 
can be determined from multiple blocking agents with R2>0.97. No blocking agent was 
sufficient to block TGF-β1 when compared to the FN and TGF-β1 group (B).
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Figure 3.6.  

Western blot with Ab against TGF-β1 in reducing conditions. Ab stains fibrinogen in 

addition to TGF-β1 limiting applicability. 
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Figure 3.7.  

Diagram depicting the theory of SPR. As the size of the dielectric increases due to 

protein-protein affinity, the angle between the reflected lights is changed. Different 

solvents in the mobile phase can elute proteins, altering the angle of reflection, and Ka 

and Kd  can be estimated. Reprinted with permission from (Ivarsson and Malmqvist 2002) 
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A. 

 
B. 

 

Figure 3.8.  
TGF-β1 and fibrinogen binding FAA to detect bound fibrinogen using SuperBlock 
blocking reagent. Regression analysis with log-linear plot with adsorbed fibrinogen 
standards (A) demonstrated that predictive equations were possible. Binding FAAs (B) 
compared TGF-β1 groups incubated with fibrinogen compared to positive control groups 
consisting of fibrinogen adsorbed before blocking and negative control groups with 
fibrinogen adsorption after blocking. Blanks consisted of PBS, pH 7.8 in lieu of 
fibrinogen. SuperBlock was insufficient to block fibrinogen. 
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Figure 3.9.  

FAA to detect adsorbed and/or fibrinogen utilizing pre-adsorbed cAb plates for TGF-β1. 

TGF-β1 was not present to examine non-TGF-β1 mediated association of the fibrinogen. 

Blanks consist of fibrinogen buffer only. This indicates that blocking agent employed by 

company is insufficient to block fibrinogen. 
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Figure 3.10.  

FAA to detect adsorbed fibrinogen. Screened different blocking agents for ability to 

block fibrinogen. Negative control is fibrinogen adsorption after blocking while positive 

control is adsorption before blocking. Line indicates significance of p<0.04. Both 10% 

FBS groups were sufficient to block fibrinogen adsorption. 
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A. 

 
B. 

 

Figure 3.11. 
TGF-β1 and fibrinogen binding FAA to detect bound fibrinogen with 10% FBS in PBS 
as blocking agent. Negative control was fibrinogen adsorption after blocking while 
postive control was fibrionogen adsorption before blocking. Log-linear regression of 
standards (A) indicated predictive function could be determined. Using a concentration 
within working range of FAA, fibrinogen was exposed to TGF-β1 and control wells (B). 
No significance was determined indicating that 10% FBS was insufficient to block 
fibrinogen. Sample size of each group is 9, and trends were replicable.  
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Figure 3.12.  

Predicted structure of TGF-β1 from x-ray diffraction with lysine residues highlighted. 15 

lysine on the surface of the protein are available leading to 16 free amines with the N-

terminal group. 
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A. 

 
B. 

 

Figure 3.13.  
Graphs plotting remaining fluorescein activity in gels normalized to initial intensity. 
Lysine and glycine controls (A) indicated that reacted fluorescein is released from gels 
similar to fluorescein associated with lysine and glycine. FTGF-β1 loaded (B) into fibrin 
gels demonstrate rapid release of fTGF-β1 not correlated to gel degradation.  Fluorescein 
only groups demonstrate that unreacted fluorescein had similar release rate limiting 
functionality of the assay. 
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DIFFERENTIATION OF HUMAN MSCS WITH TGF-β1 

Introduction 

Fibrin gels are known to be angiogenic and promote endothelial cell (EC) 

maturation and tube formation (Mosesson 2005). Our research group has previously 

demonstrated vasculogenesis from embedded mesenchymal stem cells (MSCs) within 

PEGylated fibrin gels. Briefly, MSCs embedded with fibrin gels PEGylated with 

homobifunctional poly(ethylene glycol)-(benzoyltriazole carbonate)2 (PEG-(BTC)2) have 

demonstrated upregulation of EC markers CD31 (PECAM), vWF, and VE-cadherin as 

observed with quantitative, reverse transcription, real time-polymerase chain reaction 

(qRT-PCR) and immunocytochemistry (IC) without the addition of paracrine factors 

(Fig. 4.1-4.2) (Zhang, et al. 2006; Zhang, et al. In Press). Further, MSCs in gels exhibit 

endothelial tube morphology consistent with human umbilical vein endothelial cells 

(HUVEC) cultured on the extracellular matrix compound Matrigel® (Fig 4.1) (Zhang, et 

al. 2006; Ponce 2008; Zhang, et al. In Press). In a study conducted by Zhang et al., 

PEGylated fibrin with different homobifunctional PEG reactive groups produced varying 

transdifferentiation of human MSCs (hMSCs) towards EC (Zhang, et al. In Press). The 

different reactive groups have various hydrolysis half-lives, which were inversely 

proportional to their kinetic rate. Differences in storage modulus, G’, in the range of 25-

150 Pa were observed. Storage modulus was proportional to hydrolysis half-life at the 
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same PEG molecular weight and thus, inversely proportional to kinetic rate (Table 4.1 

and Fig. 4.3). Upregulation of EC markers was dependent on a bulk storage modulus that 

closely matched native tissue (100 Pa) and a decreased degradation rate provided by 

PEGylation (Zhang, et al. In Press). This model is similar to the paradigm postulated by 

Engler et al. that examined the dependency of differentiation of MSCs towards various 

cell lines on surface modulus (Engler, et al. 2006). Nevertheless, the different PEG 

reactive groups did lead to differences in fibril diameter and thus other factors will need 

to be assessed in order to determine the causal factor of EC differentiation. 

Unfortunately, PEG-(succinimidyl α-methylbutanoate) (PEG-(SMB)2) used in the 

study described in Chapter 2 was insufficient to promote upregulation of EC makers from 

embedded hMSCs (Zhang, et al. In Press). PEG-(SMB)2 was initially chosen as a 

replacement molecule for PEG-(BTC)2 as the manufacturer, Nektar Therapeutics, 

decided to discontinue the commercial sale of PEG-(BTC)2 to research groups. At the 

time, our primary hypothesis for the endothelial tube formation demonstrated in vitro was 

the inhibited degradation of the gels. Gels PEGylated with PEG-(SMB)2 demonstrated a 

similar increase in gel longevity as gels PEGylated with PEG-(BTC)2. As differentiation 

studies with hMSCs were conducted, it was observed that endothelial morphology was 

not replicated when MSCs were embedded within gels PEGylated with PEG-(SMB)2 

(Fig 4.1). Electrophoresis studies were conducted to ensure PEGylation of fibrinogen was 

maintained with the new reactive groups. Protein was stained with Coomassie blue while 

a PEG-specific iodine stain was utilized to visualize the PEG molecules. It was 

demonstrated that fibrinogen PEGylated with PEG-(SMB)2 had reduced migration in the 
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gel compared to other reactive groups despite similar incorporation of PEG (Zhang, et al. 

In Press). It was hypothesized that PEG-(BTC)2 crosslinked fibrinogen molecules 

(intermolecular crosslinking) while PEG-(SMB)2 demonstrated crosslinking between 

different chains of the fibrinogen molecule (intramolecular crosslinking) (Fig. 4.4). As 

the hydrolysis half-life of the reactive groups increases and thus, kinetic rate decreases, 

less intermolecular crosslinking occurs leading to an increased storage modulus (Zhang, 

et al. In Press). Therefore, PEG-(SMB)2 would not promote EC differentiation from 

MSCs. Further, the limited intermolecular crosslinking demonstrated with PEG-(SMB)2 

may explain the limited conjugation of transforming growth factor-β1 (TGF-β1) to 

fibrinogen through PEG-(SMB)2 demonstrated in Chapter 2 (Drinnan, et al. 2010).  

A change in the reactive group of PEG was necessary to fully examine the effect 

of TGF-β1 loading on hMSC embedded within PEGylated fibrin gels. Various PEG 

reactive groups were screened and PEG-(succinimidyl carboxylpentyl)2 PEG-(SCOP)2 

was chosen due to a similar reactive group as PEG-(succinimidyl glutarate)2 (PEG-(SG)2) 

whose hydrolysis half-life is comparable to PEG-(BTC)2. Preliminary studies with MSCs 

embedded within gels PEGylated with PEG-(SCOP)2 demonstrated similar EC tube 

morphology when examined 7 days after gel formation (Fig. 4.5). Since the primary 

mechanism of loading TGF-β1 into fibrin gels PEGylated with PEG-(SMB)2 was 

physical affinity between TGF-β1 and fibrinogen (Drinnan, et al. 2010), similar loading 

efficiencies are expected with gels PEGylated with PEG-(SCOP)2. 

EC markers were upregulated when hMSCs were embedded within PEGylated 

fibrin gels without the addition of paracrine factors. However, when implanted in a gel 
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plug assay of rats, diffuse staining of CD31 was demonstrated (Zhang, et al. In Press) 

(Fig. 4.6). This was similar to disorganized neovascularization which has a tendency to 

regress without stabilization signals (Nissen, et al. 2007). Hirschi et al. (1998; 1999) 

demonstrated that the presence of SMCs will stabilize the vascular system and is required 

for vessel maturation. MSCs embedded within gels PEGylated with PEG-(BTC)2 

demonstrate slight upregulation of the SMC marker smooth muscle α-actin (SMA) but 

this was limited (Fig. 4.7) (Zhang, et al. 2006). TGF-β1 is a known promoter of SMC 

differentiation from smooth muscle cell progenitors (Hirschi, et al. 1998; Hirschi, et al. 

1999; Darland and D'Amore 2001). Further, MSCs exposed to TGF-β1 will differentiate 

towards vascular SMCs (Seruya, et al. 2004; Ross, et al. 2006). Unfortunately, it has 

adverse effects on EC differentiation and MSC proliferation (Ross, et al. 2006). Thus, the 

goal of this project was to load TGF-β1 into fibrin gels PEGylated with PEG-(SCOP)2 

and to examine and quantify SMC and EC differentiation of embedded MSCs. 

Additionally, proliferation will be monitored to further characterize the effects of TGF-

β1. 

Proliferation of hMSCs exposed to TGF-β1 

As previously stated, TGF-β1 inhibits hMSC proliferation (Ross, et al. 2006). 

Limited hMSC proliferation could limit the functionality of the system leading to a need 

for a larger starting concentration of hMSCs embedded within the gels. Previous 

optimization studies have indicated that an initial cell concentration of 50k cells/ml is 

optimal to induce endothelial tube formation for gels at 10 mg/ml fibrinogen and 10:1 
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molar ratio of PEG to fibrinogen (Zhang, et al. 2006; Zhang, et al. In Press). This portion 

of the project examined the proliferation of hMSCs exposed to TGF-β1. First, 

monolayers of hMSC were exposed to various concentrations of TGF-β1. This study was 

extended to hMSCs embedded within PEGylated fibrin gels. 

Proliferation was assessed with the MTT assay that is commonly employed for 

cell number determination and viability. Briefly, (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) is exposed to cells and converted to purple formazan 

by reductase enzymes present in the mitochondria. Formazan conversion is correlated to 

metabolic activity of living cells, but can serve as an estimate of cell number. Formazan 

crystals are dissolved in a buffer and color formation can be assessed with a standard 

spectrophotometric plate reader.  

METHODS AND MATERIALS 

HMSCs (Lonza) were purchased commercially and maintained and expanded 

with DMEM (Invitrogen) containing 10% FBS (Invitrogen), 2 mM L-glutamine 

(Invitrogen), 100 U/ml penicillin (Invitrogen), and 100 µg/ml streptomycin (Invitrogen). 

Media was changed every 2-3 days and passaged according to the manufacturer’s 

protocols. Passage 4-7 cells were utilized for proliferation assays. For monolayer culture, 

cells were plated at 2k cells/cm2 and exposed to 0, 0.1, and 10 ng/ml TGF-β1. 

Proliferation was assessed at days 1, 4, and 7 and media was changed on day 4. For 3D 

culture, porcine fibrinogen (Sigma) was prepared as outlined in Chapter 2. Recombinant 

human TGF-β1 (R&D Systems) at 200 ng/ml in 0.1% BSA in PBS, pH 7.8 was reacted 
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to porcine fibrinogen at 80 mg/ml in PBS, pH 7.8 for 45 min at 37ºC. This promoted the 

affinity reaction between fibrinogen and TGF-β1. PEG-(SCOP)2 (NOF America) at 8 

mg/ml in PBS, pH 7.8, or 10:1 molar ratio, was added to the fibrinogen solution and 

allowed to react for 5 min at room temperature. The faster kinetic rate of PEG-(SCOP)2 

compared to PEG-(SMB)2 necessitated a lower incubation time with PEG and fibrinogen 

solutions. Longer incubation times would induce non-thrombin mediated crosslinking 

and gel formation of the PEGylated fibrinogen solutions. HMSCs in standard media were 

prepared at 400k cells/ml and plated with the fibrinogen/PEG/TGF-β1 solution at half the 

final volume of the gel. Human thrombin (Sigma) at 25 U/ml in 40 mM CaCl2 was 

exposed to the fibrinogen/PEG/TGF-β1 to initiate crosslinking. Final concentrations 

were: fibrinogen, 10 mg/ml; PEG-(SCOP)2, 1 mg/ml; TGF-β1, 25 ng/ml; hMSCs, 50k 

cells/ml; and thrombin, 12.5 U/ml. Control gels consisted of non-PEGylated gels with 

and without TGF-β1, PEGylated gels without TGF-β1, and both PEGylated and non-

PEGylated gels without hMSCs and TGF-β1. For control solutions, 0.1% BSA in PBS, 

pH 7.8, PBS, pH 7.8, and cell media were used in lieu of TGF-β1, PEG-(SCOP)2, and 

hMSCs, respectively. Media on the gels was changed twice a day for 2 days and once a 

day for the remainder of the study. 

The MTT assay was adapted from the commercial protocol and from the literature 

(Zhang, et al. 2006; Zhang, et al. In Press). MTT reagent (Sigma) was prepared at 5 

mg/ml in serum free media and added to the media of the cells at 10% of the volume (100 

µl per 1 ml of media). For monolayers of hMSCs, MTT reagent was incubated for 3 

hours at 37ºC. For embedded hMSCs, MTT reagent was exposed for 6 hours at 37ºC. 
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Following incubation, formazan crystals were dissolved in 0.1 N HCl in isopropanol. 

Formazan crystals formed in monolayers of hMSCs dissolved within 30 min while 

embedded hMSCs required overnight exposure. Color formation was quantified with a 

universal microplate reader ELX800 (Biotek Instruments) at a wavelength of 560 nm. 

Absorbance was normalized against media exposed to MTT reagent and gels without 

hMSCs. 

RESULTS AND DISCUSSION 

The presence of TGF-β1 significantly inhibits hMSC proliferation both when 

cultured on a 2D monolayer (p<0.04) and embedded within 3D PEGylated fibrin gels 

(p<0.035) at concentrations of 10 ng/ml and 25 ng/ml, respectively (Figs. 4.8-4.9). 

HMSCs embedded within non-PEGylated fibrin gels without TGF-β1 demonstrated the 

greatest proliferation (p<0.035) compared to all other groups. Nevertheless, the turbidity 

of non-PEGylated fibrin gels is greater than PEGylated gels leading to increased 

adsorption (Fig. 4.10). While gels without hMSCs were used to normalize the MTT 

production, adsorption was significantly greater in non-PEGylated gels despite limited 

visual color production. Additionally, hMSCs were attached to the well plate containing 

the gel, and thus not actually embedded within the gel. This phenomenon was more 

prevalent in non-PEGylated gels which may have led to the increased formazan 

production. Therefore, comparisons between PEGylated and non-PEGylated groups may 

not be appropriate. TGF-β1 is known to inhibit MSC proliferation and thus the results are 

consistent with previous findings (Ross, et al. 2006). HMSCs still underwent proliferation 
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and embedded hMSCs demonstrated endothelial tube morphology, so studies going 

forward utilized the same concentration of TGF-β1 and hMSCs. Previous optimization 

studies demonstrated similar capillary tube morphology at cell concentrations greater 

than 50k cells/ml. Thus, initial cell concentrations could be increased if required in the 

future. Regardless, loaded TGF-β1 maintains bioactivity and effects embedded hMSCs 

over 7 days. 

TGF-β1-Induced Differentiation of hMSCs Cultured in 2D 

TGF-β1 is a pleiotropic paracrine factor that signals the differentiation of hMSCs 

towards multiple cell lines including chondrocytes, osteoblasts, and vascular SMCs 

(Caplan 1991; Hirschi, et al. 1998; Johnstone, et al. 1998; Mackay, et al. 1998; Gao, et al. 

2001; Wang, et al. 2004; Bertolino, et al. 2005; Ross, et al. 2006; Park, et al. 2007; Gong, 

et al. 2009; Jung, et al. 2009; Park, et al. 2009). The proper conditions to promote 

vascular SMC differentiation have not been previously elucidated. The purpose of this 

study was to examine the potential concentration dependency of TGF-β1 on vascular 

SMC differentiation. Monolayers of hMSCs were exposed to exogenous TGF-β1 at 

various concentrations and mRNA production was quantified for various genes. Further, 

human MSCs when loaded into fibrin gels PEGylated either with PEG-(BTC)2 or PEG-

(SCOP)2 have demonstrated upregulation of the EC markers vWF and CD31 as examined 

via qRT-PCR and IC (Fig. 4.1-4.2). TGF-β1 inhibits EC differentiation of hMSCs when 

cultured on monolayers (Ross, et al. 2006) which could limit EC differentiation when 
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hMSCs are embedded within PEGylated fibrin gels. Thus, markers for ECs were also 

quantified.  

METHODS AND MATERIALS 

HMSCs were maintained and cultured as described previously. Passage 4-7 

hMSCs were plated into 6-well plates at 2k cells/cm2 and exposed to exogenous addition 

of 0, 0.1, and 10 ng/ml TGF-β1. RNA was isolated from hMSCs using protocols 

provided by Qiagen. Briefly, hMSCs were lifted from the plates with 0.25% trypsin-

EDTA (Invitrogen) using standard procedures. HMSCs were centrifuged at 600 g for 7 

min and then washed in PBS. After centrifugation, the supernatant was aspirated and 

hMSCs were reconstituted into lysis buffer. Reconstituted hMSCs were pipetted into 

QIAshredder columns (Qiagen) to lyse cells and RNA was isolated utilizing RNAeasy 

columns (Qiagen). Isolated RNA was quantified using spectrophotometric analysis with a 

Nanodrop (Fisher). Reverse transcription was performed to produce cDNA using a 

reverse transcription kit without RNase inhibitors (Applied Biosystems). Briefly, up to 2 

µg of RNA was mixed with oligo random primers, dNTP, and reverse transcriptase. 

Samples were placed into a thermocycler (Applied Biosytems) and exposed to the 

following conditions: 25ºC for 10 min, 37ºC for 120 min, and 85ºC for 5 min. CDNA 

was stored at 4ºC until qRT-PCR was performed. Blanks consisting of buffer and 

reagents were used in parallel as controls. Standard hMSCs taken from the maintenance 

stock was used for comparison.  
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TaqMan® gene expression assays (Applied Biosytems) were utilized to quantify 

mRNA production. Briefly, cDNA from consistent amounts of starting RNA were mixed 

with TaqMan® reagents (Applied Biosystems) and the following primers for genes 

indicative of SMCs: SMA (ACTA2), angiopoteins 1 and 2 (ANG1 and ANG2), calponin 

(CAL), desmin (DES), platelet derived growth factor-receptor β (PDGF-RB); and ECs: 

CD13 or ANPEP, vascular endothelium-cadherin (VE-CAD), platelet/endothelial cell 

adhesion molecule (CD31 or PECAM), von Willebrand factor (vWF), and vascular 

endothelial growth factor (VEGF). β-actin was used as an endogenous control gene. 

QRT-PCR was performed utilizing an Applied Biosystems 7900HT with the following 

reaction conditions: 95ºC for 10 min and 40 cycles of 95ºC for 15s and 60ºC for 1 min. 

The reporter dye was 6-FAMTM. Relative quantification (RQ) was determined by 

comparing gene expression to β-actin and standard hMSCs. 

RESULTS AND DISCUSSION 

Markers for ECs and SMCs were quantified via qRT-PCR from hMSCs exposed 

to exogenous TGF-β1 (Figs. 4.11-4.12). Sample size was insufficient to test significance 

for days 1 and 4, but trends indicate that after 1 day of incubation most angiogenic genes 

are downregulated and not associated with the presence of TGF-β1. After 4 days of 

incubation, most markers for EC and SMC were downregulated in response to TGF-β1. 

At the concentration of 10 ng/ml, trends indicated EC markers, VE-CAD, ANPEP, vWF, 

and PECAM1, were more downregulated compared to hMSCs exposed to 0.1 ng/ml and 

no TGF-β1. Further, SMA and CAL were upregulated when hMSCs are exposed to 10 
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ng/ml TGF-β1 compared to other groups. Significance was demonstrated between 

numerous groups for gene production of day 7 (Table 4.2). The EC marker VE-CAD was 

significantly downregualted in the presence of 10 ng/ml TGF-β1. VEGF demonstrated 

significant upregulated when exposed to 0.1 ng/ml TGF-β1, but this trend was not 

replicated with 10 ng/ml TGF-β1. Trends indicated that the EC markers, ANPEP,  

PECAM1, and vWF, were more downregulated in hMSCs exposed to 10 ng/ml TGF-β1 

when compared to other groups. CAL and PDGF-RB were significantly upregualted 

when hMSCs are exposed to 10 ng/ml TGF-β1. However, DES is downregulated 

compared at the 10 ng/ml group compared to other groups. Trends indicated that 

expression of SMA from hMSCs exposed to 10 ng/ml was promoted. Generally, gene 

expression of SMC markers was upregulated in the presence of TGF-β1 while EC 

expression was downregulated.  

Other groups have demonstrated similar trends in gene expression assays with the 

some of these markers (Wang, et al. 2004; Ross, et al. 2006). It has been previously 

demonstrated that hMSCs cultured on collagen substrates are positive for SMA and CAL 

when exposed to TGF-β1 (Seruya, et al. 2004; Ross, et al. 2006). Therefore, a matrix 

may be required to maintain expression of SMC markers. Further, the vasculogenesis 

model postulated by Hirschi et al. (1998; 1999) indicates that EC can promote 

differentiation of smooth muscle progenitor cells.  

Future studies could examine the effect of matrix and presence of EC on the 

differentiation of hMSCs towards SMCs. Nevertheless, hMSCs embedded within 

PEGylated fibrin gels differentiate towards ECs, and thus, could promote SMC 
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differentiation. Loaded TGF-β1 could enhance SMC differentiation. Further, by delaying 

the release of TGF-β1, the inhibitory effect on EC differentiation may be delayed. 

Therefore, hMSCs embedded within PEGylated fibrin gels loaded with TGF-β1 could 

potentially differentiate into both ECs and SMCs from the same progenitor population. 

Differentiation of hMSCs Embedded with TGF-β1 Loaded Fibrin Gels 

As stated previously, by loading PEGylated fibrin gels with TGF-β1, hMSCs 

could differentiate into both ECs and SMCs from the same progenitor source. This 

section of the project will examine differentiation of hMSCs embedded within fibrin gels 

loaded with TGF-β1. Light microscopy was utilized to monitor cell morphology and 

endothelial tube formations. Endothelial tube formation was visualized with clacein-AM 

staining and confocal microscopy. Gene expression was assessed with qRT-PCR from a 

selection of markers screened from the experiments conducted in Chapter 4.3. The 

markers include: VE-CAD, PECAM1, and VEGF for EC differentiation and SMA, CAL, 

and DES for SMC differentiation. 

METHODS AND MATERIALS 

HMSCs were maintained as previously described. Passage 4-7 hMSCs were 

utilized for this section of the project. TGF-β1 was loaded into fibrin gels as outlined in 

Chapter 4.2.1. Briefly, human TGF-β1 in 0.1% BSA in PBS, pH 7.8 was reacted to 

porcine fibrinogen in PBS, pH 7.8 for 45 min at 37ºC. PEG-(SCOP)2 in PBS, pH 7.8 was 

reacted to the TGF-β1/fibrinogen solution for 5 min at room temperature. HMSCs were 
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mixed with the TGF-β1/fibrinogen/PEG solution and human thrombin was added to 

initiate crosslinking. Final concentrations of the gels were: 10 mg/ml, fibrinogen; 1 

mg/ml, PEG-(SCOP)2; 25 ng/ml, TGF-β1; and 12.5 U/ml, thrombin. Given the loading 

efficiencies determined in Chapter 2, it is expected that loaded TGF-β1 concentration 

will be on the order of 10 ng/ml. Gel media was changed twice a day for 2 days and then 

once a day for the duration of the study. Light micrograph images were obtained with a 

Leica DMI 3000 B microscope with attached camera, provided by either Drs. Wolfgang 

Frey or Stansilav Emelianov in the Department of Biomedical Engineering at the 

University of Texas at Austin. Sections from each gel were imaged once a day to monitor 

endothelial tube morphology. Gels were formed in 2-chamber slides (Corning) and 

cultured with the same conditions. After 7 days, gels were washed with media without 

serum and exposed to 8 µM calcein-AM (Invitrogen) in PBS for 1 hour at 37ºC. HMSCs 

and gels were fixed for 10 min with 10% formalin (Sigma) solution. Gels were imaged 

with a Leica SP2 AOBS confocal microscope located in the Institute for Cellular and 

Molecular Biology at the University of Texas at Austin. 

Gene expression was quantified via qRT-PCR. RNA isolation was conducted 

using protocols adapted from Qiagen. Briefly, media from gels with an initial volume of 

2 ml was aspirated and gels were washed with PBS. Gels were then frozen in liquid 

nitrogen for quick freezing and to limit RNA denaturation. Gels were ground using 

sterilized spatulas and collected into microcentrifuge tubes cooled with liquid nitrogen. 

Qiagen lysis buffer without β-mercaptoethanol was added and cells were lysed with 

QIAshredder columns (Qiagen). RNA was further isolated using RNAeasy columns 
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(Qiagen) with standard protocols. Reverse transcription was performed as described 

above. Cells from the maintenance stock were utilized for standards. Buffer reagents 

without RNA were used as negative controls. QRT-PCR was conducted in similar 

fashion as outlined previously. β-actin was used as an endogenous control. 

RESULTS AND DISCUSSION 

Endothelial tube morphology from hMSCs embedded with fibrin gels was 

monitored with light microscopy (Fig. 4.12). HMSCs embedded within PEGylated fibrin 

gels with or without TGF-β1 demonstrated similar tube morphology indicating that TGF-

β1 did not inhibit tube formation. This was not replicated in non-PEGylated fibrin gels 

regardless of TGF-β1 loading. Some tube formation was observed at 2 days in TGF-β1 

loaded fibrin gels, but tubes formed by day 3 in both PEGylated fibrin groups. Confocal 

microscopy conducted at day 7 confirmed that TGF-β1 did not inhibit tube formation 

(Fig. 4.13). Nevertheless, hMSCs exposed to TGF-β1-loaded, PEGylated fibrin gels 

maintain morphology indicative of EC differentiation. 

Gene expression after 7 and 14 days of culture was assessed using qRT-PCR with 

primers against SMC markers, SMA, CAL, and DES, and EC markers, VE-CAD, 

PECAM1, and VEGF (Fig. 4.14). At day 7 and 14, trends indicated that TGF-β1 

exposure inhibited gene expression of EC markers. At day 7, TGF-β1 had little effect on 

gene expression of SMC markers but by day 14, SMA and CAL were upregulated in 

TGF-β1 exposed hMSCs compared to unexposed hMSCs. From the 2D data described 

previously, TGF-β1 seemed to have the largest affect on SMC differentiation at day 4. 
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Analysis of tube morphology (Fig. 4.12) demonstrated that there is a dramatic increase in 

tube formations between days 5-7. It was hypothesized that SMC differentiation would 

be linked to EC differentiation, and thus analysis at day 7 would be appropriate. 

Nevertheless, protein production may be delayed from upregulation of gene expression. 

Therefore, analysis of gene expression of hMSCs following 4 days of culture might 

demonstrate increased SMC differentiation. 

To increase SMC differentiation, other growth factors such as the BB isoform of 

platelet derived growth factor (PDGF-BB) could be loaded into the gel by simple 

entrapment and released rapidly via diffusion (Drinnan, et al. 2010). PDGF-BB signals 

hMSCs to differentiate towards SMC lineages (Ross, et al. 2006), and rapid delivery 

could promote early differentiation as the release of TGF-β1 is delayed. Further, other 

growth factors including PDGF-BB promote hMSC proliferation (Ross, et al. 2006) 

which could counteract the inhibited proliferation with gels loaded with TGF-β1. As 

described in Chapter 2, the system has the potential to load multiple GFs with different 

release profiles to promote further differentiation (Drinnan, et al. 2010).  

Since the release rate of TGF-β1 from PEGylated fibrin gels is slow (Chapter 2), 

increased concentrations of TGF-β1 may be required to enhance SMC differentiation. 

Unfortunately, the concentration loaded into the fibrin gels is close to the loading 

capacity via the physical affinity mechanism as discussed previously. It is unknown what 

effect PEG-(SCOP)2 has on the loading capacity, but it may be difficult to increase the 

amount of TGF-β1 associated with the fibrin matrix. PEG-(SCOP)2 intermolecularly 

crosslinks fibrinogen compared to PEG-(SMB)2, which crosslinks fibrinogen 
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intramolecularly. Our research group has conjugated stromal cell derived factor-1α (SDF-

1α) (Zhang, et al. 2007) and hepatocyte growth factor (HGF) (Zhang, et al. 2008) using 

PEG-(BTC)2 which has a similar hydrolysis half-life as PEG-(SCOP)2. Therefore, 

conjugation of TGF-β1 to fibrinogen using PEG-(SCOP)2 may be more likely which 

would enhance the loading capacity of the gels. 

Conclusions 

The effect of TGF-β1 on proliferation and differentiation of hMSCs was assessed 

in both 2D monolayers and 3D fibrin gels. TGF-β1 significantly inhibited proliferation of 

hMSCs in both situations, indicating that TGF-β1 loaded into fibrin gels PEGylated with 

PEG-(SCOP)2 is bioactive and affects hMSCs up to 7 days. Nevertheless, proliferation 

still occurred with fibrin gels indicating that an increase in initial cell density was not 

required. The presence of TGF-β1 did not inhibit endothelial tube formation in 

PEGylated fibrin gels as demonstrated via morphology. However, trends indicated that 

hMSCs exposed to TGF-β1 have reduced gene expression of EC markers.  While there 

was some increase in SMC markers at day 14, the upregulation was not significant. 

Future studies could examine other time points or increase the amount of loaded TGF-β1 

or incorporate other growth factors such as PDGF-BB to promote SMC differentiation. 
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Figure 4.1.  
The following figure was reprinted with permission from (Zhang, et al. In Press). Cell 
morphology in fibrin and PEGylated fibrin with different PEG reactive groups. Human 
MSCs in (A) 2D monolayer; (B) fibrin only; (C) small molecular weight PEG-(N-
hydroxysuccinimide)2 (PEG-(NHS)2) fibrin; (D) PEG-(BTC)2 fibrin; (E) PEG-
(succinimidyl carbonate)2 (PEG-(SC)2) fibrin; (F) PEG-(SMB)2 fibrin. (10X) IC staining 
against CD31 (G), VWF (H), VE-cadherin (I) and Flk-1 (J) of hMSCs embedded in PEG-
(BTC)2 fibrin (as in D). Nuclear counterstain with DAPI. (20x) Scale bar = 10µm 
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Figure 4.2.  

The following figure was reprinted with permission from (Zhang, et al. In Press). 

Expression of EC and SMC genes in hMSCs embedded in PEGylated fibrin at days 3, 7 

and 14. (A) PEG-(NHS)2 fibrin, (B) PEG-(BTC)2 fibrin, (C) PEG-(SC)2 fibrin, (D) PEG-

(SMB)2 fibrin. Results are normalized to actin levels and then normalized again to 

expression of hMSCs in fibrin only. 
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Figure 4.3.  

The following figure was reprinted with permission from (Zhang, et al. In Press). (A) 

Elasticity of fibrin and PEGylated fibrin as measured by the storage modulus, G’ (left 

axis). Fiber diameter as determined from SEM (right axis). Error bars represent means 

±SD for n=3. All storage modulus groups are significantly different from one another 

except the fibrin only and SC-PEG groups. (p<0.05) Correlation coefficient between fiber 

diameter and storage modulus, R2=0.94. SEM images of (B) Fibrin only, (C) PEG-

(NHS)2 fibrin, (D) PEG-(BTC)2 fibrin, (E) PEG-(SC)2 fibrin, (F) PEG-(SMB)2 fibrin. 

Scale bar = 1 µm 
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Figure 4.4.  

The following figure was reprinted with permission from (Zhang, et al. In Press).  SDS-

PAGE of fibrinogen and PEGylated fibrinogen after 12 h reaction time. (A) Iodine stain 

(B) Coomassie blue. Duplicate lanes were removed in (A) and (B). Reduced migration of 

fibrinogen PEGylated with PEG-(SMB)2 despite similar PEG incorporation indicates 

intermolecular crosslinking. 
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(A) 

 

(B) 

 

Figure 4.5.  

Light images of hMSCs embedded within (A) fibrin gels PEGylated with PEG-(SCOP)2 

and (B) non-PEGylated gels. This is with 7 days of culture. Tube formation in A is 

similar morphology to Fig. 4.1. 
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Figure 4.6.  

The following figure was adapted from (Zhang, et al. In Press). Gel plugs with rat MSCs 

implanted in a rat gel plug assay. Plugs were extracted after 1 week. (A) PEGylated fibrin 

with embedded MSCs. (B) and (C) are representative H&E and CD31 stained sections for 

(A). 
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Figure 4.7.  

IC staining of hMSCs embedded within fibrin gels PEGylated with PEG-(BTC)2 for 

SMA. Image taken after 7 days of in vitro culture. Slight positive staining was 

demonstrated without the addition of paracrine factors. 
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Figure 4.8.  

MTT assay for hMSCs cultured in monolayers and exposed to various concentrations of 

TGF-β1. Line indicates significance of p<0.04. HMSCs exposed to 10 ng/ml TGF-β1 

demonstrate significantly decreased proliferation compared to untreated hMSCs at days 4 

and 7, and 0.1 ng/ml TGF-β1 at day 7.  
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Figure 4.9.  

MTT assay for hMSCs embedded within fibrin gels and cultured for 7 days. Cells 

embedded within gels loaded with TGF-β1 demonstrate significantly decreased 

proliferation compared to gels without TGF-β1. Indicates that loaded TGF-β1 is 

bioactive and effects hMSCs over 7 days. 
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Figure 4.10.  

A and B are adapted from (Zhang, et al. In Press). A and B are a digital photo of (A) 

Non-PEGylated and (B) PEGylated fibrin gels formed in a 4 well chamber slide. (C) 

Depicts MTT assay for gels without hMSCs. Adsorption was significantly different 

(p<0.001) despite limited color production. 
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Figure 4.11. 

Gene expression of SMC markers from hMSCs cultured in 2D monolayers and exposed 

to various concentrations of TGF-β1. RNA was isolated on days (A) 1, (B) 4, and (C) 7. 

TGF-β1 will promote upregulation of SMC markers CAL and PDGF-RB but inhibit DES 

expression (Table 4.2).  
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Figure 4.12. 

Gene expression of EC markers from hMSCs cultured in 2D monolayers and exposed to 

various concentrations of TGF-β1. RNA was isolated on days (A) 1, (B) 4, and (C) 7. 

TGF-β1 inhibits gene expression of EC markers (Table 4.2).
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Figure 4.13.  

Light micrograph images depicting progression of endothelial tube morphology from 

hMSCs embedded within fibrin gels. A-D is day 1 incubation; E-H, day 3; I-L, day 5; and 

M-P, day 7.  
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Figure 4.14. 

Confocal images of calcein-AM stained hMSCs within fibrin gels at day 7. A and B are 

PEGylated groups; C and D, non-PEGylated; A and C, with TGF-β1; B and D, without 

TGF-β1. HMSC embedded within PEGylated fibrin gels demonstrated tube formation 

with or without TGF-β1
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Figure 4.15.  
QRT-PCR data for angiogenic gene expression of hMSCs embedded within fibrin gels. 
(A) At day 7 culture, trends indicate that TGF-β1 inhibits EC differentiation. SMC 
markers are similar between groups with and without TGF-β1. (B) At 14 days of culture, 
trends indicate that EC differentiation is similar in groups with and without TGF-β1. 
SMA and CAL have greater gene expression from hMSCs embedded within PEGylated 
with TGF-β1 compared to without TGF-β1. TGF-β1 may act over 14 days. 
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Table 4.1 

PEG Type Mn (Da) Hydrolysis Half-
life1 (min) 

1D Swelling Ratio 
(Q) 

PEG-(NHS)2 500 16.5 1.03±0.02 
PEG-(BTC)2 3400 13.5 1.01±0.01 
PEG-(SC)2 3400 21 1.01±0.01 
PEG-(SG)2 3400 17.6  
PEG-(SMB)2 3400 44 1.01±0.01 
1 Values reported from manufacturers 
Table was adapted from (Zhang, et al. In Press) 
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Table 4.2. 
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CONCLUSIONS AND FUTURE WORK 

Summary of Findings 

The primary goal of my studies was the development of a system to control the 

release of multiple growth factors from PEGylated fibrin gels to promote smooth muscle 

cell (SMC) differentiation and to stabilize endothelial cell (EC) differentiation in vitro. 

Mesenchymal stem cells (MSCs) embedded within fibrin gels undergo EC differentiation 

without the addition of growth factors. SMC differentiation is limited, and growth factors 

loaded into the system could promote differentiation of both SMC and EC from the same 

MSC population. The SMC would promote stabilization of the EC and functional repair 

of ischemic tissue.  In addition, I examined the binding affinity of one particular growth 

factor, transforming growth factor-β1 (TGF-β1) with fibrinogen. 

I developed a system whereby growth factors could be loaded in PEGylated fibrin 

gels and released with multiple profiles. By reacting fibrinogen with homobifunctional 

amine-reactive PEG derivatives, growth factors could be conjugated to the matrix and 

released with zero-order profiles. Growth factors such as vascular endothelial growth 

factor (VEGF) and the basic form of fibroblast growth factor (bFGF) have physical 

affinity for fibrin(ogen) and release is delayed. Release rate is dependent on the 

dissociation rate of fibrin and the growth factor, but it is predicted by degradation rate. 

Finally, growth factors with low physical affinity for fibrin(ogen) could be entrapped and 

released via diffusion. I was able to load the BB isoform of platelet derived growth factor 
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(PDGF-BB) and TGF-β1 into PEGylated fibrin gels and release them with multiple 

profiles. PDGF-BB is rapidly released over 2 days while TGF-β1 is sequestered within 

gels for up to 12 days. This matches the desired profiles to promote SMC differentiation 

for EC stabilization. Further, fibrosis caused by uncontrolled TGF-β1 release will be 

minimized as the TGF-β1 is released slowly to act upon the local environment. TGF-β1 

release is highly correlated (r>0.83) to degradation rate of the gel indicating that TGF-β1 

is primarily loaded via physical affinity. By varying the formulation of amine-reactive 

PEG and the molar ratio between PEG and fibrinogen, the degradation rate and thus, 

TGF-β1 release rate, can be controlled. The primary mechanism of delaying gel 

degradation is inhibition of plasmin-mediated degradation of the PEGylated fibrin gels. It 

is hypothesized that PEG sterically hinders plasmin from acting upon fibrin gels. 

Nevertheless, plasmin will degrade the gels indicating that embedded or host tissue could 

remodel the gel matrix.  

The next main project was the quantification of the affinity between TGF-β1 and 

fibrin(ogen) through a variety of methods. Development of standard assays would allow 

for future researchers to screen potential growth factors to load into PEGylated fibrin 

gels. Further, release rate could be better predicted with dissociation constants between 

the growth factor and fibrin. Unfortunately, no assay tested was sufficient to examine this 

affinity. No good blocking agent was discovered to reduce the background on the binding 

ELISAs and FAAs between TGF-β1 and fibronectin or fibrinogen. The only blocking 

agents that proved successful were silanating agents. Unfortunately, silanating agents 

were contained in heptane which would denature the proteins, thus, reducing the 
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functionality. Antibodies used for western blots either had insufficient sensitivity to 

detect practical amounts of TGF-β1 or positively stained both fibrinogen and TGF-β1. 

Surface Plasmon resonance (SPR) shows promise to quantify TGF-β1 and fibrinogen 

affinity, but the sensitivity of the Biacore 1000 currently limits the functionality. 

Fibrinogen fragments could be employed, but care must be taken to choose the correct 

fragments. Conjugating a capture antibody for TGF-β1 might better preserve the 

fibrinogen binding domain on TGF-β1. Given the difficulties with the assays employed, 

it is uncertain what is the cause of the delayed release of loaded TGF-β1 in fibrin gels. 

One hypothesis is that TGF-β1 only has affinity for fibrin, and the above assays did not 

fully replicate this. Unfortunately, tests with radiolabeled 125I-TGF-β1 demonstrated that 

either the presence of 125I-TGF-β1 or its proprietary solvent counteract thrombin-

mediated gelation of the fibrin gels. It is uncertain how the assay could be modified to 

examine fibrin and TGF-β1 without denaturing TGF-β1 or degrading the gel. 

 The effect of TGF-β1 on proliferation and differentiation of human MSCs 

(hMSCs) was assessed in both 2D monolayers and 3D fibrin gels. TGF-β1 significantly 

inhibited proliferation of hMSCs in both situations, indicating that TGF-β1 loaded into 

fibrin gels PEGylated is bioactive and affects hMSCs up to 7 days. Nevertheless, 

proliferation still occurred with fibrin gels indicating that relatively low initial cell 

densities could still be used. The presence of TGF-β1 did not inhibit endothelial tube 

formation in PEGylated fibrin gels as demonstrated via morphology. However, hMSCs 

exposed to TGF-β1 have reduced gene expression of EC markers.  While there was some 
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increase in SMC markers from hMSCS embedded within TGF-β1 loaded fibrin gels at 

day 14, the upregulation was not significant. Future studies could examine other time 

points, increase the amount of loaded TGF-β1, or incorporate other growth factors such 

as PDGF-BB to promote SMC differentiation. 

The system developed to delivery multiple growth factors is highly modular. 

Other growth factors could be incorporated into the system to further promote vascular 

cell differentiation. Further, the gels can be formulated to be injectable, allowing for easy 

delivery of both growth factors and MSCs to the site of ischemia. 

Future Work 

The next phase of the project is to fully examine the potential of TGF-β1 loaded 

fibrin gels for SMC differentiation of MSCs. Other combinations of growth factors could 

be examined in vitro to determine a potential candidate to promote MSC differentiation. 

The candidate system then could be examined in vivo. 

IN VIVO STUDIES 

Our group has previously implanted PEGyalted fibrin gels with and without 

MSCs in a rat subcutaneous gel plug assay which is a model for ischemia. This assay is 

commonly used with Matrigel to assess angiogenesis and vasculogenesis of different 

molecules, formulations, or embedded cells. Allogenic rat MSCs would be isolated from 

bone marrow and embedded within fibrin gels in situ as the gel is injected. Allogenic 

MSCs avoid immune rejection since they do not present immunogenic molecules such as 
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MHC-II and prevent T-cell responses. Gel plugs could be extracted and endothelization 

and host infiltration would be examined. By comparing multiple groups, the potential of 

different formulations could be examined. Following the gel plug assay, future in vivo 

studies could examine other clinically relevant models such as acute murine myocardial 

infarction or murine hindlimb ischemia. 

FIBRIN AND TGF-β1 AFFINITY 

While no assay discussed in this dissertation was sufficient to examine TGF-β1 

and fibrinogen assays, there are items to consider for future assays. Researchers could 

eliminate the problems with blocking agents by silanating the surface and adding a self-

assembled monolayer or other reactive system to conjugate fibrinogen to the surface. The 

use of self-assembled monolayer allows for great control for the number of domains for 

adsorption or association and segregates the silane region which may interfere with 

protein-protein binding. Amine-reactive groups could be conjugated to a gold or silver 

surface, thereby conjugating either TGF-β1 or fibrinogen to the surface. Then the free 

reactive groups could be quenched thus presenting a non-fouling surface and allowing for 

further control of protein presentation. Protein binding could then be quantified with 

standard ELISA techniques. 

SPR still has high promise to quantify association between fibrinogen and TGF-

β1, but access to newer systems may be required. Conversely, fibrinogen fragments could 

be examined which would alleviate the issue of sensitivity but may disrupt the region of 

TGF-β1 and fibrinogen affinity. However, comparing different fragments may indicate a 
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binding site for TGF-β1. Fragments spanning the whole molecule as well as fragments 

spanning different portions would need to be tested to ensure affinity is not a function of 

fragmentation of fibrinogen. 

One hypothesis to describe the limited success with the affinity assays is that 

TGF-β1 binds specifically to fibrin through ionic interactions. As thrombin cleaves 

fibrinogen to fibrin, negatively-charged domains are exposed. TGF-β1 at neutral pH (pI 

is 8.6) is positively charged and could associate with the charged domains. Isolating non-

assembled fibrin monomers may be difficult at neutral pH. Low concentrations of fibrin 

(<1 mg/ml) will undergo self-assembly, but will not precipitate out of solution. It is 

unknown whether TGF-β1 is associated with the fibrin monomer or polymer, so the 

efficacy of these assays is unknown. Nevertheless, I did explore fibrin and TGF-β1 

affinity, but technical difficulties made the assays unsuitable. Fluorescently-labeled TGF-

β1 can be purchased, but costs are prohibitive. It is uncertain if the limited gelation 

demonstrated with radiolabeled TGF-β1 would be replicated with fluorescently-labeled 

TGF-β1. 

OTHER ORGAN SYSTEMS 

The growth factor loaded PEGylated fibrin gels could easily be modified to 

incorporate other growth factors or progenitor cells. Collaborators in another group have 

embedded adipose-derived stem cells (ASCs) within PEGylated fibrin gels for ischemia. 

ASCs behave similarly to MSCs; they undergo EC differentiation without growth factor 

addition. TGF-β1 or other growth factor loading could promote differentiation towards 



 162 

other cell lineages. Additionally, embryoid bodies, embryonic stem cells, or induced 

pluripotent stem cells could easily be embedded within the system for a variety of 

applications. 

Preliminary research has been conducted by myself and David Hammers (co-

advised my supervisor and Dr. Roger Farrar in Kinesiology at the University of Texas at 

Austin) to load insulin-like growth factor-1 (IGF-1) into PEGylated fibrin gels. Fibrin 

gels with or without rat MSCs will be injected into a rat tourniquet model for muscle 

injury. Initial data has indicated affinity of IGF-1 with fibrin(ogen) and it is hypothesized 

that IGF-1 release will be similarly delayed. Nerve repair is another potential application 

since fibrin gels loaded with growth factors bound to incorporated heparin initiate neural 

differentiation of embryonic stem cells. Nerve growth factor (NGF) as well as other 

growth factors have demonstrated affinity for fibrin gel, thus could be applied to a variety 

of organ systems. 

Final Statement  

The growth factor delivery system presented in this dissertation is highly modular 

with numerous potential applications. By incorporating other growth factors, SMC and/or 

EC differentiation could be stimulated or augmented. For growth factors that have 

affinity for fibrin or fibrinogen, the dissociation constant and gel degradation rate will 

dictate release rate. Nevertheless, the mild reaction conditions and injectability of fibrin 

gel formation enhance cell viability and allow for a large selection of progenitor cells.  
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Glossary 

Ab Antibody 

ACTA2 Smooth muscle α-actin 

Ang-1 or Ang-2 Angiopoietins-1 or 2 

ASC Adipose-derived stem cell 

BCA Biocinchoninic acid 

bFGF Basic form of fibroblast growth factor 

BMSC Bone marrow stromal cell 

BSA Bovine serum albumin 

cAb Capture antibody 

CAL Calponin 

cDNA Complimentary deoxyribonucleic acid 

CVD Cardiovascular disease 

DAPI 4',6-Diamidino-2-phenylindole 

dbcAMP N6,2’-O-dibutyryladenosine 3’,5’-cyclic monophosphate 

sodium salt 

DES Desmin 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

EC Endothelial cell 

ECM Extracellular matrix 

EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

EDTA Ethylenediaminetetraacetic acid 

EGF Epidermal growth factor 

ELISA Enzyme-linked immunoassays 

EPC Endothelial progenitor cell 

ES Embryonic stem cell 
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FAA Flourescent antibody assay 

FBS Fetal bovine serum 

FITC Fluorescein isothiocyanate 

FN Fibronectin 

FPA Fibrinopeptide A 

FPB Fibrinopeptide B 

fTGF-β1 Fluorescein labeled-transforming growth factor-β1 

GF Growth factor 

GM-CSF Granulocyte macrophage-colony stimulating factor 

HBS HEPES-buffered saline 

HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid 

HGF Hepatocyte growth factor 

hMSC Human mesenchymal stem cell 

HRP Horseradish peroxidase 

HSC Hematopoietic stem cell 

HUVEC Human umbilical vein endothelial cells 

IC Immunocytochemistry 

IGF-1 Insulin-like growth factor-1 

iPS Induced pluripotent stem cell 

Ka Association constant 

Kd Disassociation constant 

Lin Lineage surface antigen 

LTGF-β1 Latent binding protein transforming growth factor-β1 

MAPC Multipotent adult progenitor cell 

MI Myocardial infarction 

mPEG-SMB Methyl poly(ethylene glycol)-succinimidyl α-

methylbutanoate 

MSC Mesenchymal stem cell 
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MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide 

Mv1Lu Mink lung epithelial cell line 

MWCO Molecular weight cutoff 

NBQX 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-

sulfonamide disodium salt 

NGF Nerve growth factor 

NHS N-Hydroxysuccinimide 

PAD Peripheral arterial disease 

PBS Phosphate-buffered saline 

PDGF-BB BB isoform of platelet-derived growth factor 

PDGF-RB Platelet-derived growth factor-receptor β 

PECAM-1 Platelet/endothelial cell adhesion molecule 

PEG Poly(ethylene glycol) or poly(ethylene oxide) 

PEG-(BTC)2 Poly(ethylene glycol)-(benzoyltriazole carbonate)2 

PEG-(NHS)2 Poly(ethylene glycol)-(N-hydroxysuccinimide)2 

PEG-(SC)2 Poly(ethylene glycol)-(succinimidyl carbonate)2 

PEG-(SCOP)2 Poly(ethylene glycol)-(succinimidyl carboxylpentyl)2 

PEG-(SG)2 Poly(ethylene glycol)-(succinimidyl glutarate)2 

PEG-(SMB)2 Poly(ethylene glycol)-(succinimidyl α-methylbutanoate)2 

PGA Poly(glycolic acid) 

pI Isoelectric point 

PLA Poly(lactic acid) or poly(L-lysine) 

PLGA Poly(lactic-co-glycolic acid) 

PVDF Poly(vinylidene fluoride) 

qRT-PCR Quantitative, reverse transcription, real time-polymerase 

chain reaction 

RNA Ribonucleic acid 

RQ Relative quantification 
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Sca-1 Stem cell antigen 

SDF-1α Stromal cell-derived growth factor-1α 

SE Standard error 

SEM Scanning electron microscopy 

SMA Smooth muscle α-actin 

SMC Smooth muscle cell 

SPC Smooth muscle progenitor cell 

SPR Surface plasmon resonance 

TBS Tris-buffered saline 

TGF-β1 Transforming growth factor-β1 

tPA Tissue-type plasminogen activator 

TTBS 0.1% Tween-20 in tris-buffered saline 

U Units 

VE-cadherin Vascular endothelial-cadherin 

VEGF Vascular endothelial growth factor 

vWF Von Willebrand factor 
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