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ABSTRACT 

Synthetic biomedical implants are used to replace diseased tissues and organs. 

Unfortunately, these implants often fail due to a lack of biocompatibility and poor 

integration by the recipient. This implant failure is associated with the formation of an 

avascular fibrous capsule and chronic inflanunatory response. Porous polymers are often 

incorporated in the construction of biomedical devices because they permit tissue 

integration and improved biocompatibility. While the inclusion of porosity has enhanced 

device performance, these devices still do not perform optimally. The incorporation of a 

vascular network in association with and within the pores of these materials is believed to 

improve tissue integration and long-term device Action. Several approaches are 

actively being studied for their ability to stimulate new vessel growth, angiogenesis, as 

well as to improve the direct interaction of cells with material surfaces. The process of 

angiogenesis involves the coordinated involvement of both soluble and insoluble factors 

such as growth factors and cytokines, and extracellular matrix proteins respectively. 

Often, growth factors and cytokines are expressed by the inflammatory cells associated 

with the biomedical implants, but the microenvironment within the polymer remains 

unstable with respect to the presence of the appropriate extracellular matrix proteins. 

The overall hypothesis of this dissertation is that the reestablishment of an extracellular 

microenvironment on and within a porous polymer will provide the appropriate substrates 

for promoting angiogenesis and neovascularization of porous polymers. The results of the 

studies within this dissertation demonstrate that extracellular matrix modifications of 
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commercially available expanded polytetrafluoroethylene (ePTFE) successfully promote 

new vessel growth in the tissue surrounding the implant, termed angiogenesis, and new 

vessel growth within the pores of the polymer, termed neovascularization. Furthermore, 

the extracellular matrix protein laminin 5 was determined to promote human microvessel 

endothelial cell adhesion to ePTFE as well as support angiogenesis and 

neovascularization when used as a surface modification of ePTFE. Based on these 

studies, the extracellular matrix protein, laminin 5, could be utilized in the tissue 

engineering of biomedical implant devices to promote increased new vessel integration 

and improve the long-term viability of these devices. 
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1. INTRODUCTION 

Nearly 450 million biomedical implants are used annually in the United States 

(Ratner, 1993). The medical device market is a diverse field with implants ranging from 

hip replacements to microelectrodes implanted in the brain to heart valves. As diverse as 

is the need for biomedical implants, the list of synthetic materials and the derivatives 

used to construct them is even greater and includes, polymers, metals, ceramics, and 

carbon or its derivatives. The use of materials to replace human tissues was recorded in 

archeological records, B.C., from China and Egypt where stone and ivory were used as 

tooth replacements (Lemons et al., 1986). The progression of material applications since 

then has largely been dependent upon technology, where technological advancement has 

determined new material use (Lemons et al., 1986). Until the late 1980's and early 

1990's, the majority of biomedical implants were constructed from materials that already 

existed and were applied as human implants on a trial and error basis (Ratner et al., 

1987;Ratner, 1993). The materials were not designed based on a specific biological need 

or with the goal of promoting a specific biological response. Rather, as material 

manipulation technology advanced, so did biomedical implants. 

The history of the development of the synthetic vascular graft is an example of the 

progression of material use and advancement. Physicians experimented with various 

grafting techniques using available autologous veins and arteries as early as the late 

1800's. The primary complications in the early development of the field of vascular 

surgery were the perfection of the transplantation (anastomosis) technique, the ability to 
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use existing veins and arteries, and the ability to preserve the vessels for later use as 

replacements. Alex Carrel developed surgical techniques for joining blood vessels as 

well as methods of vessel transplantation and preservation for which he won the Nobel 

Prize in Medicine in 1912 (Carrel A, 1910;Carrel et al., 1906). Carrel, along with C. C. 

Guthrie achieved several technical advancements in arterial reconstruction and organ 

transplantation in animal models years before the techniques would be used in humans 

(Carrel, 1908;Guthrie, 1908). In fact, it was not until the I940's and 1950's that the ideas 

of Carrel and Guthrie were revisited clinically (Blakemore et al., 1945;Donovan, 

I949;Gross et al., 1949;Hufiiagel, 1947;Moore, 1950). However, due to the 

inconvenience associated with the procurement of autologous arterial replacements, and 

their limited availability, alternative arterial substitutes were sought. The severity of 

World War II casualties related to arterial injuries also prompted research in this area (De 

Bakeyetal., I946;Donovan, 1949). 

Early attempts at replacing blood vessels with synthetic prostheses incorporated 

hard tubing such as glass and polished methyl-methacrylate, and were largely 

unsuccessful due to high occlusion rates (Hufhagel, 1947;Murray et al., 1940). Moderate 

improvements were observed with the use of polythene tubing, particularly with respect 

to flexibility and handling, however these grafts experienced a high occlusion rate as well 

(Donovan, 1949;Moore, 1950). In 1952 Arthur Voorhees observed that silk placed in the 

ventricle of a dog heart became covered with fibrin and determined that a porous fabric 

covered with an organized clot could be used as a functional blood conduit. Voorhees 

was the first to publish the successful use of Vinyon "N", cloth tubes, as an artificial 
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vascular conduit in the dog (Voorhees et al., 1952). Unfortunately, synthetic materials 

such as nylon lose their tensile strength over time. 

In 1954, the Society for Vascular Surgery listed specifications for graft materials. 

Included amongst the specifications was the maintenance of the material's stability under 

continuous mechanical stress and through exposure to tissue fluids (Greenhalgh, 1990). 

Thus, material strength and durability became a primary consideration for selection of a 

synthetic material for the replacement of vascular conduits. Both Dacron, made of 

polyethylene terephtalate (PET), and Teflon, made of polytetrafluoroethylene (PTFE), 

were superior to various materials such as Ivalon, nylon, and Orion for their resistance to 

the loss of tensile strength, rupture, and degradation upon implantation as vascular 

conduits (Harrison, l958b;Harrison, 1958a). The following account is a brief summary of 

the history and use of Dacron and PTFE. 

Thomas Edman of the Philadelphia Textile Institute, in cooperation with DeBakey 

et al., developed a new knitting machine that permitted the production of Dacron with the 

appropriate specifications for vascular replacement applications (De Bakey et al., 

1958;Edman, 1958). In 1958, DeBakey et al. published the use of the fabric Dacron as an 

arterial substitute (De Bakey et al., 1958). DeBakey selected Dacron primarily because 

of its availability, but also because of its superior handling properties during fabrication 

and implantation (De Bakey et al., 1958;Guidoin et al., 1977). Knitted Dacron grafts were 

used preferentially until a high incidence of aneurysm development (Knox, 1962;Ottinger 

et al., 1976;Yashar et al., 1978) and stretching of the grafts to 2-3 times their original size 

(Greenhalgh, 1981) was reported. The use of low compliance Woven Dacron grafts then 
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increased, however, the tight weave of this substitute was less permissive of tissue 

integration compared to its more porous, knitted counterpart (Greenhalgh, 1990). Both 

types of the Dacron graft have comparable patency rates and thus the current primary 

consideration in the selection of the type of Dacron graft to be used for implantation is 

the durability of the graft and the ease of manipulation and implantation (Greenhalgh, 

1990). 

Teflon was used in the construction of synthetic vascular grafts as early as 1957, 

and, like Dacron, was selected for this use because of its strength, durability and chemical 

inertness (Harrison, 1957). Teflon has been used in humans since 1962 (Laustriat et al., 

1990). However, it was not until 1972 that Teflon was used as a vascular graft in the 

expanded form (ePTFE) (Matsumoto et al., 1972) rather than the knitted or woven forms, 

which have similar compliance characteristics as their Dacron counterparts (Hokanson et 

al., 1968). Matsumoto et al. reported that patency rates were improved in the canine 

model using ePTFE as a small caliber, artificial blood conduit (Matsumoto et al., 1973). 

Voider and Kolff then reported that ePTFE was the only form of Teflon grafts to develop 

a neointima as a result of vessel ingrowth through the pores of the material (Voider et al., 

1974). Unfortunately, fiirther studies showed that non-reinforced ePTFE grafts developed 

aneurysms (Mohr et al., 1980). Thus, the addition of an external wrap was included in 

the manufacturing process of ePTFE vascular grafts to provide increased strength. 

The specific reaction of biological tissues to Dacron and ePTFE was not an 

original consideration in their selection as arterial substitutes, but it has been important in 

their continued use. These materials, particularly ePTFE, have since been applied to the 
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construction of several tissue replacements and biomedical implant devices. 

Unfortunately, Dacron and ePTFE are subject to adverse biological tissue responses such 

as infection, the development of an avascular fibrous capsule, and chronic inflammation 

(Anderson, 1988;Bellon et al., 1996a;Didisheim, 1994;Schreuders et al., 1988a). As the 

understanding of the mechanisms involved in these biological responses has increased, 

the approach to the selection and development of materials for biomedical implants has 

also changed. Originally, material modifications, such as the addition of the external 

wrap to ePTFE in response to aneurysm development, were performed in reaction to a 

particular tissue response. Now, the fields of materials development and biology have 

converged, resulting in mutual gains in their advancement. Consequently, materials are 

now developed and modified in order to engineer a particular tissue response rather than 

in reaction to a tissue response (Ratner, 1993). Furthermore, as the knowledge of the 

various factors involved in biological processes has developed, the use of these factors in 

the preparation and modification of materials has increased. 

The work within this dissertation addresses the ability to alter the tissue response 

to biomaterials used in the construction of biomedical implant devices. Specifically, the 

current experiments evaluate the ability to stimulate new vessel growth in and around 

porous polymers modified with biologically active extracellular matrix proteins. To 

fiirther introduce materials development and the ability to engineer specific tissue 

responses to biomedical implants, it will be necessary to provide a background of the 

tissue responses to biomedical implants. First, an explanation of normal wound healing 

and how this response is altered in the presence of biomaterial implants will be provided. 
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Next, the impaired device function associated with adverse tissue responses and the 

hypothesized ability to improve device fimction through stimulated new vessel growth, 

angiogenesis, will be reviewed. This will be followed by a description of the process of 

angiogenesis and the numerous factors involved. Next, the various material and 

biological approaches to the development and modification of biomedical device 

implants designed to increase the angiogenic response and improve device performance 

will be reviewed. Finally, a review of the laminin family of extracellular matrix proteins, 

particularly laminin-5, and the integrin family will be provided because they are of 

particular interest with respect to their potential involvement in promoting angiogenesis 

associated with porous polymers. 

TISSUE RESPONSE TO BIOMEDICAL IMPLANTS 

Because materials selection for biomedical implant devices was based on material 

availability, there exists a number of devices that simply perform adequately, or that fail 

at a clinically unsatisfactory rate due to adverse tissue responses (Black, 1995;Ratner, 

1993). The term biocompatibility is used to describe the "successful" interaction of a 

material implants with tissues. However, the defmition of biocompatibility has evolved as 

biomedical implant design has evolved from the use of available materials to engineering 

a specific biological response. Biocompatibility was once described as "the property of 

materials and devices not to initiate intolerable clinical responses"(Didisheim, 1993), and 

became "the ability of a material to perform with an appropriate host response in a 

specific application" (Williams, 1989). Buddy Ratner, of University of Washington 
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Engineered Biomaterials Engineering Research Center, then proposed a definition that 

described the properties materials must embody in order to be biocompatible. He 

describes biocompatibility as "The exploitation by materials of the proteins and cells of 

the body to meet a specific performance goal"(Ratner, 1993). Thus, with changes in the 

approach to biomedical implant design, issues such as designing appropriate models and 

defining and understanding host/biomaterial interactions must be considered (Marois et 

al., 1996a). For example, properties of the materials including surface chemistry, surface 

morphology, net charge, porosity, and degradation rate could affect cellular responses 

like complement activation, cell recruitment, and cell attachment (Hunt et al., 

1997;Ratner et al., 1987). These cellular responses are, in turn, part of wider tissue 

responses such as integration, fibrosis, angiogenesis, and inflammation, and all can affect 

device performance. Consequently, in order to understand how these tissue responses can 

affect device performance, an understanding of the normal wound healing response and 

deviations of this response in the presence of a material implant is required. 

Normal Wound Healing 

The implantation of biomedical devices often requires a surgical procedure, 

thereby inducing an injury to the body and initiating a wound healing response. The 

normal wound healing response constitutes a process consisting of three primary stages; 

inflammation, tissue formation, and tissue remodeling (Clark, 1996). A possible fourth 

stage, resolution of inflammation, has been proposed (Haslett et al., l996;Salzmann, 

1997). These events inter-relate and follow a well-described timeline (figure 1.1 A). The 
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inflammatory response consists of an early and late phase initiated by the insult and 

lasting up to 2weeks (Clark, 1996). The initial damage to the blood vessels leads to 

activation of platelets, formation of a fibrin clot, and the release of numerous factors. 

This stimulates an influx of both neutrophils and macrophages, with neutrophils arriving 

first, likely due to their relative abundance (Williams, 1988). By the second or third day 

the late phase of inflammation has begun with the replacement of neutrophils by 

macrophages. The macrophages phagocytose particles and release growth factors and 

cytokines that stimulate angiogenesis (Polverini, 1996a). They also play a critical role in 

the transition fi-om the initial inflammatory response to the repair stage (Salzmann, 1997). 

The repair stage begins around day 3 and is characterized by the presence of granulation 

tissue, which consists of new capillaries, loose ECM, proliferating fibroblast cells, and 

macrophages (Mitchell et al., 1997). These structures work together in a coordinated 

fashion to rebuild the tissue, in part through continued collagen production and fibroblast 

proliferation (Mitchell et al., 1997). Tissue remodeling is the next stage, during which 

time the ECM is modified. Additionally, some cells undergo a maturation process, while 

others, including the blood vessels, undergo apoptosis and regress. This process can 

overlap with tissue repair and last up to several years (Salzmann, 1997). The final stage, 

resolution of inflammation, is less understood, but it is reasonable to state that all of the 

processes that stimulate inflammation in the first place must be reversed, including 

removal of inflammatory stimuli and restoration of the normal vasculature (Haslett et al., 

1996). 
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FIGURE 1.1. Normal wound healing begins with an early and late phase inflammatory 
response, followed by granulation tissue formation, tissue remodeling, and resolution of 
inflammation (A) (Adapted from Clark, 1996). In the presence of a biomedical implant, 
this normal series of events is altered, leading to chronic inflammation and fibrosis (B) 
(Adapted from Anderson, 1988). 



Wound Healing Associated with Biomedical Implants 

When biomedical implants are present, the normal wound healing response is 

modified. While many of the stages are the same, they are often amplified beyond normal 

levels (figure LIB). When materials are implanted into the body, they rapidly acquire a 

protein coating on their surface prior to the initial arrival of inflammatory cells (Hu et al., 

2001). This protein coating, consisting largely of fibrinogen (Vroman et al., 1969), is 

believed to be deposited onto the surface according to the principles of the Vroman effect 

(Leonard et al., 1991;Vroman et al., 1980). The presence of such proteins is thought to 

be a contributing factor in the exacerbated and prolonged inflammatory response 

observed with implanted polymers, with fibrinogen serving as a primary mediator of this 

effect (Nimeri et al., 1994). Fibrinogen has been shown to be primarily responsible for 

the accumulation of phagocytes on the implant surface (Hu et al., 2001), and in mice 

depleted of fibrinogen, implanted polymers did not cause an inflammatory reaction (Tang 

et al., 1993). The surface texture of the biomaterial, as well as the associated activation of 

the complement cascade (particularly for vascular prosthesis), also contributes to the 

heightened inflammatory response (Clubb, Jr. et al., 1999;Janatova, 2000). The early 

phase of the inflammatory response (neutrophils) resolves normally in the presence of 

material implants, but the late phase is persistent and is referred to as the foreign body 

reaction characterized by the presence of macrophages and foreign body giant cells that 

attempt to engulf the implant (Anderson, 1988). This persistent portion of the 

inflammatory response alters the normal healing response. 
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The tissue repair stage is impaired by the persistent attempt of the macrophages to 

debride and phagocytose the material. This macrophage release of superoxide anions and 

digestive enzymes can breakdown some materials (Udipi et al., 2000) and cause 

extensive local tissue damage. Furthermore, activated macrophages release additional 

inflammatory mediators, cytokines, and growth factors (Anderson, 1988;Udipi et al., 

2000). Many of the cytokines and growth factors serve to perpetuate the inflammatory 

response, to influence the proliferation of smooth muscle cells and fibroblasts, and to 

upregulate the production of extracellular matrix proteins that contribute to fibrosis and 

fibrous encapsulation (Kao WJ et al., 200l;Miller et al., 1989). 

The final stages of tissue remodeling and resolution of the inflammatory response 

do not occur as in the normal wound healing response. The interfacial tissue does not 

convert or mature into connective or well-vascularized repair tissue (Schreuders et al., 

1988a). Macrophages and foreign body giant cells remain in close association with the 

implanted materials. Although inflammatory cells are known to produce large amounts of 

desirable growth factors initially, they also uncontrollably release other proteins like 

TGF-P, which can eventually lead to scaring. Vessels that were present in the 

granulation tissue regress, or exist outside of the often well-developed avascular fibrous 

capsule that forms surrounding the implant (Brauker et al., 1995). This capsule not only 

can impair device flmction by producing a physical barrier to tissues surrounding the 

implant, but it can also contract and cause further complications (Clubb, Jr. et al., 1999). 

Thus, an understanding of how these tissue responses impair device performance is 

necessary to identify alternative tissue responses, such as new vessel growth, that could 
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result in improved device performance. It is the stimulation of such alternative tissue 

responses that is the goal of the work within this dissertation. 

Impaired Biomedical Implant Performance 

Indwelling sensors, inununoisolation devices, hernia repair meshes, controlled 

release systems, and vascular grafts are just a few of the biomedical devices that 

incorporate porous polymers into their design and construction. Porous polymers are 

selected for devices such as these because they offer the potential for tissue integration, 

and/or vascular integration, both of which are hypothesized to improve device fimction 

and long-term performance. However, the altered healing response associated with these 

biomaterials often leads to improper device ftmction and/or failure. This section provides 

a specific account of how device performance is impaired by this altered healing 

response. 

The indwelling glucose sensor is a classic example of devices that become limited 

due to an adverse healing response. Studies report sensor success for the duration of a 

few weeks, but no sensor appears capable of sustaining long term success (Sharkawy et 

al., 1997). In fact, most implanted sensors are not capable of reliably monitoring glucose 

for more than several hours (Gerritsen, 2000). Inflammatory cells are believed to be a 

major contributor to the signal drift after implantation (Gerritsen et al., 2001). They effect 

sensor output by local consumption of glucose around the sensor (Rebrin et al., 1992), 

they influence glucose diffusion through attachment to the sensor surface (Clark et al., 

1988), and they excrete proteolytic enzymes and free radicals that damage sensor 



28 

components (Clark et al., 1988). Additionally, the avascular, fibrous capsule that forms 

around these sensors is believed to delay the sensors response (Gerritsen, 2000). This is 

the result of the capsule forming a transport barrier from two standpoints; 1) the di^sion 

barrier is imposed from the densely packed fibrous capsular tissue, and 2) there is a 

perfusion barrier imposed by the avascular capsule (Sharkawy et al., 1997). 

A similar case exists for immunoisolation devices, which allow for the 

xenotransplantation of cells or tissues without immunosuppression since the transplanted 

tissues are prevented from contact with immune cells of the recipient. These devices can 

be used for the transplantation of p-islet cells, hepatocytes, and cells producing 

neurotrophic factors (Bemey et al., 1999). Currently, considerations for these devices 

such as the ability to accept high numbers of cells as well as the ability to retrieve 

implanted cells must be evaluated prior to their implantation, mainly due to their high 

failure rate and the need to replace the implants (De Vos et al., 1997). This failure is 

thought to be a direct result of poor oxygen diffusion into the device (Hunter et al., 1999) 

due to blockade resulting from the foreign body reaction, fibrosis, and subsequent cell 

death (Bemey et al., I999;Brauker et al., 1995). 

Porous polymers are also used in the form of sheets or meshes to repair defects in 

the abdominal or chest wall. In particular, the hernia repair is one of the most frequently 

performed surgical procedures in the United States each year (Marois et al., 2000). The 

traditional repair method consists of inserting sutures into the weakened area, but it is 

associated with a high recurrence rate (Marois et al., 2000). Consequently the use of 

porous biomaterials in the repair process is believed to stimulate tissue integration 
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(Bellon et al., 1996b). These prosthetic materials produce tension free repairs, tissue 

reinforcement, and have a low hernia recurrence rate (Bellon et al., 1996c). Yet, there is 

currently no consensus on the ideal prosthesis that provides a satisfactory healing 

response and long-term biostability without an exacerbated inflanunatory response 

(Marois et al., 2000). 

The healing response that leads to clinically unacceptable failure rates of small 

diameter (<6nim) vascular grafts is often much more involved than that of the previously 

discussed devices. This is because vascular grafts interface not only with the solid tissues 

of the body on their ablumenal surface, but also with blood on their lumenal surface. The 

actual mechanisms of device failure (not including technical errors) occur at the lumenal 

surface, with thrombosis typically occurring early and intimal hyperplasia occurring late 

(Esquivel et al., 1986;Merzkirch et al., 2001). When blood interacts with the surface of 

vascular grafts, the coagulation cascade and complement system become activated 

(Janatova, 2000). Furthermore, proteins are deposited onto the surface in a transient 

fashion related to protein concentration and molecular weight (Leonard et al., 

1991;Vroman et al., 1980), but may also be due to the activation of factors within the 

coagulation cascade (Scott, 1991). This protein deposition is believed to facilitate the 

adhesion and aggregation of platelets as well as adhesion of other blood constituents 

resulting in thrombus formation (Esquivel et al., 1986). Intimal hyperplasia is most 

commonly observed in intermediate or late term synthetic vascular graft failure. 

Hyperplasia most frequently occurs at the anastomotic edges of the graft and the native 

vessel where there appears to be an abnormal, continued proliferation and overgrowth of 
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the associated smooth muscle cells (Chervu et al., 1990). This proliferation leads to 

thickening of the lumenal lining and an increasingly narrowed path for blood flow. 

Although not well understood, the mechanisms that lead to this might be related to 

hemodynamic factors such as turbulence, compliance mismatch, and complex 

interactions between the endothelial cells, smooth muscle cells, platelets, and leukocytes 

(Chervu et al., 1990;Esquiveletal., 1986). 

Both thrombosis and intimal hyperplasia are the ultimate result of the non-blood 

compatible surface of the vascular prosthesis. The only blood compatible surface known 

thus far is endothelium, and the exact mechanism by which the endothelium prevents 

thrombus formation is not fully understood (Esquivel et al., 1986). It has been 

hypothesized by some that the growth of vessels from the ablumenal surface through the 

pores of the prosthesis might support development of an endothelium on the lumen, 

improving graft patency (Clowes et al., 1986;KohIer et al., 1992;Tassiopoulos et al., 

2000). However, the adverse healing response that occurs on the ablumen of the 

prosthesis limits tissue and vessel integration into the vascular graft, thereby inhibiting 

the formation of an endothelial monolayer on the lumenal surface via transinterstitial 

mechanisms. 

The various adverse tissue responses to biomaterials and the respective device 

complications are summarized in Table 1.1. From this overview, it is evident that the 

performance of several biomedical implant devices would be improved through either a 

reduction in the inflammatory response and fibrous capsule formation, or through 

increased vascular integration i.e. stimulated angiogenesis. 
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Table 1.1. Summaiy of adverse tissue reactions to biomedical implant devices 
resulting in impaired device performance. 

Device Complication Attributed Tissue Response Reference 
Glucose 
sensor 

-Component 
damage 
-Signal drift 

-Inflammatory by products 
-Transport barrier resulting from fibrous 
capsule formation 

Clark etal., 1988; 
Gerritsen et al., 2001; 
Sharkawy et al., 1997 

Immuno-
isolation 

-Cell survival -Fibrous capsule formation surrounding 
device 
-Poor oxygen diffusion 

Hunter etal., 1999; 
Brauker et al. 

Meshes -Longterm 
biostabitlity 

-Inflammation Marois et al., 2000 

Vascular 
graft 

-Thrombosis 
-Intimal 
hyperplasia 

-Activation of the coagulation cascade 
-Loss of cell regulation at the 
anastomoses 
-Lack of vascular integration and 
endothelialization 

Esquivel et al., 1986; 
Merzkirch et al., 
2001; Chervu et al., 
1990 

Improved Biomedical Implant Performance by Angiogenesis 

The failure and/or improper function of many biomedical implant devices is 

attributed to common adverse tissue responses such as the development of an avascular, 

fibrous capsule and a chronic inflammatory response. Thus, material development now 

focuses on the ability to alter these adverse tissue responses associated with biomedical 

implants to one that improves device performance. It has been hypothesized by several 

groups that stimulation of an increased vascular response and vascular integration of 

porous polymers will improve long term device performance (De Vos et al., 1997;Hunter 

et al., I999;Kohler et al., 1992;Sharkawy et al., 1998a;Updike et al., 2000). 

Several terms are used to describe the vascular responses that could improve the 

long-term function of devices incorporating porous materials. For simplification, only 

three terms will be defined with respect to their description of material vascularization 

(Figure 1.2), The first term, angiogenesis, is used to describe the development of new 
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vasculature in the peri-implant tissue. The second term, neovascularization, describes the 

new vascular network that develops within the pores of the polymer. This requires a 

novel interaction between endothelial cells and the surface of the polymers, where these 

cells migrate into this artificial environment establishing functional vessels. The fmal 

term, endothelialization, is most often used in the context of vascular grafts, but is not 

limited in concept to vascular grafts. Endothelialization is the establishment of an 

endothelial monolayer on the lumen of grafts. Again, this requires a novel interaction 

between endothelial cells and the polymer surface where the endothelium interfaces 

completely with the polymer. 

Angiogenesis Neovascularization Endothelialization 

Ablumen Lumen 

FIGURE 1.2. Schematic of angiogenesis, neovascularization, and 
endothelialization, the three types of vascular responses proposed to 
improve the ftmction of biomedical implant devices that incorporate 
porous materials. 
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Several examples exist in the literature where enhanced angiogenesis, 

neovascularization, or endothelialization was associated with improved device 

performance. Studies have shown that indwelling sensors with increased angiogenesis 

have improved response times to changes in tissue analyte concentrations (Richards et al., 

1996;Sharkawy et al., 1998b). Updike et al. demonstrated that sensors that included an 

angiogenic membrane as well as a bioprotective membrane (to protect against 

macrophages) had significantly improved response times as early as 7 days and as long as 

5 months (Updike et al., 2000). De Vos et al. demonstrated that immunoisolation devices 

constructed of porous membranes and coated with angiogenic factors promoted P-islet 

cell survival and restored normoglycemia in animals (De Vos et al., 1997). In this case, 

these structures were implanted and allowed to pre-vascularize (including 

neovascularization) prior to the implantation of P-islet cells. Marois et al. demonstrated 

that hernia patches that became encapsulated with thick, vascularized collagenous tissue 

with few inflammatory cells showed faster reinforcement of the abdominal wall (Marois 

et al., 2000). Deutsch et al. documented a 65% patency rate in a 9-year follow up of 

patients that received small diameter femoral-popliteal bypass grafts that were subjected 

to in vitro endothelialization prior to implantation using autologous endothelial cells 

(Deutsch et al., 1999). This is an improvement to other reports of 40-60% patency rates. 

In the various examples presented, an altered vascular response was demonstrated 

to improve device performance. Often, this improvement was accompanied by other 

altered tissue responses such as an altered inflammatory response and/or altered capsule 

structure. However, increased angiogenesis, neovascularization, or endothelialization 
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were the consistent tissue responses associated with improved device biocompatibiiity 

and performance. Consequently, extensive research has focused on the ability to engineer 

devices capable of promoting such favorable vascular responses. Prior to reviewing the 

material and biological advancements in biomaterial design aimed at the stimulation of 

new vessel growth and improved biocompatibiiity, a background in the angiogenic 

process, not associated with material implants, is necessary. 

ANGIOGENESIS 

The formation of a vascular system is a complex process and there are multiple 

terms used to describe the various aspects involved in its development. Vasculogenesis 

describes the formation of the early vascular plexis from embryonic mesoderm that 

subsequently generates primitive blood vessels (Risau et al., 1995). Although this 

predominantly occurs in the embryo, it may occur in adults (Carmeliet, 2000). 

Angiogenesis refers to the formation of new vessels from existing vessels. It is the 

primary mechanism of new vessel development in adults, but can also occur in embryos 

(Risau, 1995). Arteriogenesis is the most recently described aspect of vascular 

development and refers to the formation of large caliber, muscular vessels from 

preexisting arterial vessels (Ito et al., 1997). The promotion of angiogenesis is the 

particular response desired by scientist involved in materials development. 

The term angiogenesis was coined to describe new blood vessel formation in 1935 

(Hertig, 1935). Until the last two decades, the process of angiogenesis has been presented 

descriptively as many of the molecular participants involved in angiogenesis were not 
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known and/or were poorly understood (Risau, 1997;Zetter, 1988). Now, many of the 

factors involved in angiogenesis are being identified and their role elucidated (Carmeliet, 

2000;Folkman et al., 1987). Vessel homeostasis requires a balance of multiple inhibitors 

and stimulators maintaining the stasis, growth, or regression of vessels. When a vessel 

becomes angiogenic, an angiogenic "switch" is said to take place, shifting the balance of 

inhibitors and stimulators to promote angiogensis (Hanahan et al., 1996;Iruela-Arispe et 

al., 1997). During physiological angiogenesis, such as that which occurs during tissue 

hyperplasia or wound healing, angiogenesis is controlled, and the balance of stimulators 

and inhibitors appropriately maintained. However, in pathological angiogenesis, such as 

that observed in association with tumor growth or a diabetic retinopathy, the balance is 

lost and is replaced by chronic stimulation of angiogenesis. 

Additionally, there are many forms of new vessel growth and development, and 

the regulation of each is unique (Carmeliet, 2000). The term angiogenesis has evolved 

from its description as vascular sprouting from post-capillary venules. This term is now 

used to describe the development of capillary networks and includes: I) sprouting of new 

vessels, 2) intussusception, the division of a widened vessel by posts of extracellular 

matrix (Patan et al., 1996), and 3) bridging, transendothelial cell bridges that form across 

widened vessels and split them (Carmeliet, 2000). The sprouting mechanism of 

angiogenesis would most likely be the process required for improved vascular integration 

of porous materials and will be the focus of the following description of angiogenesis. 

Angiogenesis can be separated into four basic steps: I) the proteolysis of 

extracellular matrix proteins and "loosening" of the perivascular cells, 2) the outward 
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budding, migration, and proliferation of endothelial cells, 3) formation of a tube, 

deposition of extracellular matrix and recruitment of pericytes, and 4) the new vessel then 

matures based on tissue specificity and with the establishment of flow. This angiogenic 

process involves the coordination of several factors including growth factors (GF), 

cytokines, extracellular matrix proteins (ECM), matrix metalloproteinases (MMPs), cell 

adhesion molecules, as well as endothelial cells (EC), pericytes, and smooth muscle cells. 

All of these factors are pertinent to the ability to stimulate a vascular response in 

association with the porous polymers used in biomedical applications. The following 

description of angiogenesis will focus on the sprouting method of new vessel growth and 

will be subdivided based on the involvement of growth factors, growth factors and cell 

adhesion molecules, extracellular matrix and cell adhesion molecules, and inflammation. 

Growth Factors 

Growth factors are involved throughout the process of angiogenesis, ranging from 

the initiation of angiogenesis to tube stabilization. Knock out (KO) mice have been 

essential in understanding the particular role these factors play in this process. KO mice 

have revealed that certain factors are not as essential as they were once thought to be, 

while also revealing new roles for factors not thought to be involved in the process of 

angiogenesis. 

There are several GF involved in the early stages of angiogenesis. The most 

commonly known of these factors is the VEGF family. There are five known family 

members and 3 receptors, VEGF-A, VEGF-B, VEGF-C, VEGF-D, PIGF (placenta 
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growth factor), and VEGFR-l/Flt-1, VEGFR-2/KDR/Flk-I, and VEGFR-3/Fh-4 

respectively. All of the VEGF's are mitogenic factors for ECs (Ferrara, 2001), however 

VEGF A is also involved in promoting EC migration and vessel sprouting (Gale et al., 

1999). VEGF-A is essential in embryonic development, as deletion of a single VEGF-A 

allele results in embryonic lethality (Aiello et al., 1995). The coordinate expression of the 

VEGF receptors, VEGFR-I and VEGFR-2, are critical in vasculogenesis (Risau, 1997), 

predominantly in the vascular endothelium, and are the main receptors to VEGF-A. KO 

mice have revealed that VEGFR-2 is critical to EC development and formation of the 

primary capillary plexis (Shalaby et al., 1995), while VEGFR-1 is critical more to the 

organization and development of vessels that arise from this plexis (Fong et al., 1995). 

In addition to VEGF, the fibroblast growth factor (FGF), particularly bFGF, was 

believed to be essential to the growth and development of blood vessels (Friesel et al., 

1995). For example, bFGF was shown to stimulate angiogenesis (Friedlander et al., 1995) 

and promote endothelial cell (Folkman et al., 1987;Hoying et al., 1996;Vlodavsky et al., 

1987) as well as smooth muscle cell (Ali et al., 1993;Weiss et al., 1993) recruitment, 

proliferation, and migration. However, Zhou et al. demonstrated with the bFGF (FGF2) 

KO mouse that bFGF is neither essential, nor necessary for mature vessel development 

(Zhou et al., 1998). Instead, Zhou et al. observed that bFGF has a role in maintaining 

vascular tone, demonstrated by decreased tonicity in the absence of bFGF. Yet, bFGF 

will stimulate angiogenesis if applied to tissues (Friedlander et al., 1995), and still plays 

an important role in physiological angiogenesis, particularly in promoting endothelial cell 

differentiation (Kanda et al., 1999). 
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VEGF was originally thought to be sufficient for stimulating new vessel 

development, and while VEGF will stimulate new vessel growth, VEGF is not sufficient 

to establish a functional vasculature. VEGF works in concert with the angiopoietin GF 

family. There are currently four known members of the angiopoietin family (Angl-4) 

with two known receptors, Tiel and Tie2. The endothelium specific angiopoietin family 

(Gale et al., 1999) is unique with respect to the balancing act between the angiopoietins, 

their specific interaction with their receptors, and their influence on angiogenesis alone. 

Neither Angl nor Ang2 are sufficient to promote angiogneisis (Asahara et al., 1998). 

However, they are both essential for regulating vessel integrity, maturation, and both act 

through the Tie2 receptor (Maisonpierre et al., 1997;Risau et al., 1995). The Angl and 

Tie2 KO have similar vascular defects (Angl presents slightly less severe defects) 

resulting in embryonic lethality (Sato et al., 1995;Suri et al., 1996). The vasculature that 

develops is immature and extensively dilated, failing to establish proper interactions with 

and formation of smooth muscle cells and pericytes (Suri et al., 1996). Transgenic 

overexpression of Angl results in increased vessel number, size, and branching (Suri et 

al., 1998), and the vasculture is protected against leakiness induced by inflammatory 

stimuli (Thurston et al., 1999;Thurston et al., 2000). Ang2 on the other hand is, an 

antagonist to Angl and the Tie2 receptor, which is a very rare occurrence in nature 

(Maisonpierre et al., 1997). The over expression of Ang2 disrupts vessel formation in a 

manner similar to that of the Angl KO (Maisonpierre et al., 1997). The physiological 

importance of Tiel is not fully understood as none of the Ang GFs are known to mediate 
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their function through Tiel (Gale et al., 1999), yet its KO revealed structural integrity 

complications with endothelial cells (Sato et al., 1995). 

Taken together, the coordinated expression of VEGF and the angiopoietins is 

required for the development of a functional vasculature. During angiogenesis, VEGF is 

upregulated, promoting vessel leakiness while Ang2 blocks the "tightening" effect of 

Angl via the Tie2 receptor. This allows for endothelial migration and proliferation. With 

the subsequent upregulation of Angl, the periendothelial cells are recruited and the ECM 

is reestablished and organized. 

In addition to VEGF and the angiopoietins, several other GFs and proteins that 

interact with GFs have been demonstrated through KO mice to also be essential to 

successful angiogenesis. Neuropilin-1 is a receptor for semaphorins and was known to 

direct nerve growth during development (Takagi et al., 1995). NeuropiIin-1 is also 

expressed in endothelial cells and binds VEGF (Kawasaki et al., 1999). The vascular 

defects in neuropilin-1 null embryos are similar to those of VEGFR-2 KO, but are less 

severe, and indicate neuropilin-1 is required for maturation and remodeling of the 

primary vascular network (Kawasaki et al., 1999). Transforming growth factor |3 (TGF-P) 

has been thought to inhibit endothelial cell proliferation (Heimark et al., 1986), but more 

recent data has indicated a role in differentiation of capillary tubes and maturation (Madri 

et al., 1992). The TGF-P 1 KO demonstrated a defect in haematopoiesis and endothelial 

cell differentiation, not excessive endothelial cell proliferation (Dickson et al., 1995). 

Endoglin binds TGF-p family members and their receptor complexes, and is another 

factor important in angiogenesis. Li et al. demonstrated that endoglin null mice undergo 
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vasculogenesis, but have poor vascular smooth muscle cell development and failed 

endothelial remodeling (Li et al., 1999). The authors hypothesize that endoglin interacts 

with TGF-P to mediate endothelial-mesenchymal communication during angiogenesis. 

Another very important GF in the angiogenic process is platelet derived growth 

factor (PDGF). There are two forms, PDGFA and PDGFB, and PDGFB is the form 

present in the vasculature with its receptor PDGF-Rp. PDGF produced by endothelial 

cells, and its receptor on vascular smooth muscle cells, is a well-accepted method of 

commimication between EC and smooth muscle cells or pericytes, regulating the 

proliferation and migration of the later cell types (Lindahl et al., 1998). In PDGF 

deficient mice, capillaries form in the absence of pericyte support cells, resulting in 

microaneurysms, hemorrhage, and edema (Lindahl et al., 1997). Additionally, evidence 

suggests that pericytes regulate microvessel structure and regulate EC number via VEGF 

mediated mechanisms (Hellstrom et al., 2001). 

Interaction and communication between endothelial ceils and pericytes or smooth 

muscle cells such as that involving neurpilin-1, TGF-P, and PDGF are very important in 

the later stages of angiogenesis. The signaling events resulting from this communication 

are essential to the maturation of new vessels into stable structures with intact support 

ceils and ECM. This includes the reestablishment of cell-cell adhesions and integrin 

interaction with the ECM, both are critical to endothelial survival. Consequently, the use 

of individual growth factors might be limited in their ability to stimulate angiogenesis in 

association with porous polymers, and result in isolated action on a particular cell type. 
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Growth Factors and Cell Adhesion Molecules 

There is increasing evidence demonstrating that the ligation of cell adhesion 

proteins such as integrins is necessary for the propagation of growth factor signaling 

involved in the angiogenic process. Both VEGF and bFGF have been shown to integrate 

their signaling and function via integrin dependent adhesion. Integrins are heterodimeric 

transmembrane proteins (Clark et al., 1995) and will be reviewed in specific detail later. 

A study by Brooks et al. demonstrated that the blockage of the avp3 integrin with an 

antagonist, leads to endothelial cell apoptosis and anested angiogenesis (Brooks et al., 

1994). At that time. Brooks et al. hypothesized that the actively proliferating and 

migrating endothelial cells depended on ligation of this integrin for survival and 

continued vessel growth. Friedlander et al. subsequently demonstrated that antibody 

inhibition of either the avp3 or avps integrins successfully inhibited both bFGF and 

VEGF stimulated angiogenesis (Friedlander et al., 1995). Recently, however, Bader et al. 

demonstrated successful vasculogenesis, vascular plexis formation, and angiogenesis 

including sprouting and remodeling in mice with a null mutation of the av gene (Bader et 

al., 1998). This indicates the ability for substitution and redundancy within the process of 

vessel growth. Furthermore, Senger et al. observed VEGF induced expression of the 

collagen receptors al and a2 integrins in microvessel endothelial cells (Senger et al., 

1997). They were able to block VEGF stimulated angiogenesis by blocking the a I and a2 

integrins (paired with pi). This demonstrates a potential coordinated in-side-out 

(regulation from within the cell) and out-side-in (regulation of cellular behavior by 

extracellular matrix) signaling (Hynes, 1992). Mediation of bFGF induced endothelial 
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cell difTerentiation has been shown to be dependent on pi integrin coordinated signaling 

as well (Kanda et al., 1999). Blockage of the pi integrin in three-dimensional gel 

constructs inhibits endothelial cell differentiation, but not cell survival (Kanda et al., 

1999). 

In addition to integrins, cell-cell adhesion proteins such as cadherins have also 

been shown to be essential to the propagation of growth factor signaling. VE-cadherin 

gene deficiency or truncation of its cytosolic (signaling) domain induces endothelial cell 

apoptosis and eliminates responsiveness to VEGF-A mitogenic activity (Carmeliet et al., 

1999). Yet, loosening of VE-cadherins by VEGF is essential for endothelial cell 

proliferation and angiogenesis (Dejana, 1996), therefore VE-cadherin/p-catenin signaling 

is also essential for endothelial cell control. Consequently, modification of porous 

polymers to stimulate angiogenesis should accoimt for the need to provide a suitable 

environment for endothelial cells including the ligation of cell adhesion molecules. 

Extracellular Matrix Proteins and Cell Adhesion Molecules 

Soluble factors such as growth factors and cytokines clearly have a significant 

role in the regulation of angiogenesis. While soluble factors are very important in 

initiating and coordinating events in angiogenesis, insoluble factors such as extracellular 

matrix (ECM) proteins also actively participate in regulating angiogenesis (Lugassy et 

al., 1999;Polverini, 1996b;Rongish et al., 1996). The role of the ECM in angiogenesis 

has not been as clearly defined, particularly with respect to individual ECM protein 

activity (Kubota et al., l988;Sage et al., 1991). However, it appears that the primary role 
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for extracellular matrix proteins in angiogenesis is the regulation of cell behavior with 

respect to growth, differentiation, and survival (Chen et al., 1997;Davis et al., 1995;Dike 

et al., 1999;Ingber et al., 1989a). The soluble factors predominantly initiate the 

angiogenic process and facilitate tube stabilization, but the local tissue 

microenvironment, particularly the ECM, is critical for EC growth and differentiation 

(Ingber et al., l989b;Myllyhaiju et al., 2001). This is a result of the ECM's ability to 

regulate the availability of soluble angiogenic mediators to endothelial cells (Vlodavsky 

et al., 1987) and specify the nature of interactions with integrins (Polverini, 1996b). 

Additionally, the architecture of the ECM, and not just the constituents, can be influential 

in mediating control of endothelial cell behavior induced by the ECM (Dike et al., 1999). 

With the commencement of angiogenesis, the ECM undergoes remodeling 

through a combination of proteolytic breakdown of existing matrix, and endothelial cell 

production of new matrix molecules (Pepper, 2001). The matrix metalloproteinase 

(MMP) family of proteins is responsible for the majority of the enzymatic activity. MMP 

activity is essential to the angiogenic process not only because it establishes space for 

new vessel growth, but also exposes several other regulatory molecules (Friedlander et 

al., 1995). Extracellular matrix proteolysis leads to the release of matrix bound bFGF, 

VEGF and the activation of TGF-P (Flaumenhaf) et al., 1992;Giordano et al., 

2001;Houck et al., 1992). Proteolysis has also been implicated in the generation of ECM 

fragments that may function to regulate angiogenesis (Sage, 1997). The importance of 

MMPs in the angiogenic process is demonstrated by the attenuation of angiogenesis in 

vivo following inhibition of MMPs (Johnson et al., 1994). 
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The basement membrane (BM) that forms the structural scaffold to which 

endothelial and epithelial cells attach is a complex structure composed of numerous ECM 

proteins such as, glycosoaminoglycans, basement membrane collagens, enactin, 

vitronectin, fibronectins, and laminins. The BM has two histologically distinct layers, the 

lamina lucida and lamina densa, consisting of integrins, laminins, and entactin and 

collagen type IV respectively (Gartner et al., 1997). Beneath these layers is the lamina 

reticularis, which anchors the basal lamina with collagen type VII, microflbrils and 

fibronectin to interstitial proteins such as collagen types I and III (Gartner et al., 1997). 

The coordinated temporal and spatial expression of ECM proteins during 

angiogenesis is not clear. It is believed that during the invasive phase of angiogenesis, 

increased levels of collagen type I and fibronectin are observed, and during the later 

maturation phases of angoigenesis, there is an increased secretion and deposition of 

collagen type IV and laminin-1. Fibronectin has been demonstrated to promote vessel 

elongation, but not necessarily endothelial cell proliferation (Nicosia et al., 1993). 

Binding to vitronectin, also thought to exist in the provisional matrix of vessels, promotes 

endothelial cell survival via avp3 integrins (Horton, 1997;Isik et al., 1998). Work by 

Madri and Williams demonstrated that while endothelial cells adhered to and spread on 

the interstitial collagens, types I and QI, these same cells formed tube like structures 

when cultured on the basement membrane collagens, types IV and V (Madri et al., 1983). 

Laminin-1 and collagen FV have both been associated with vessels during tube formation 

and in increasing amounts during stabilization (Grant et al., 1997a;Malinda et al., 

1999;Rongish et al., 1996). However, endothelial cells have been shown to adhere more 
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rapidly to and migrate towards collagen IV compared to laminin-1 (Herbst et al., 1988). 

Furthermore, laminin-I has recently been shown to be uncommon in adult tissues (Tiger 

et al., 1997). Rather, it is likely that laminin-10/11 is the more prevalent laminin 

(Kikkawa et al., 1998;Kikkawa et al., 2000;Miner et al., 1997a). Additionally, certain 

members of the laminin family of basement membrane proteins have been found 

associated with blood vessels, but have undetermined involvement in angiogenesis. 

Laminin 8 has been found in the basement membrane of both capillaries and large 

vessels, but its fimction in endothelium is not known. Laminin-5 has not been identified 

in angiogenesis, although it has been identified in the basal lamina of microvessels in the 

brain (Wagner et al., 1997). Laminin-5 production by astocytes is upregulated in the 

presence of endothelial cells and it is believed to be an important part of the blood brain 

barrier. 

Integrins mediate the adhesion of endothelial cells to the ECM proteins (Brooks, 

1996;Ingber et al., 1989a;Stromblad et al., 1996). This adhesion triggers the intracellular 

signaling pathways responsible for the ECM stimulated functional effects (Ruoslahti et 

al., 1997). Many of these signaling pathways work in concert with growth factor 

signaling (McNamee et al., l993;Plopper et al., 1995). The coordination of the ECM 

proteins, integrins and growth factors and their receptors is complex and the molecular 

details remain unclear. While this interaction is not fully understood, it is clear that the 

presence of ECM proteins is essential to successful vessel growth and maturation. 

Consequently, the inclusion of ECM in modifications of porous polymers might be an 
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essential component in creating the proper microenvironment for successful stimulation 

of angiogenesis and is of particular interest in this dissertation. 

Inflammation 

Angiogenesis is generally stimulated as a result of the need of tissues for nutrient 

exchange such as in an ischemic event. However, angiogenesis can be stimulated by 

other tissue activities such as an inflammatory response. Biomaterial implants often 

stimulate a chronic inflammatory response associated with the implant. Thus a review of 

inflammation and angiogenesis with respect to wound healing is warranted. 

During wound healing, multiple factors contribute to the stimulation of 

angiogenesis. Not only is there a "loosening" of the existing vessels due to the 

extravasation of inflammatory cells, but there is the production of many angiogenic 

factors by the inflammatory cells and an increased metabolic need of the numerous 

inflammatory cells "working" in the damaged tissue area. Generally, the angiogenic 

stimulus is thought to be derived fi-om inflammatory cells, but this is not clearly 

understood since there are situations like bacterial infections were angiogenesis is not 

initiated (Hunt et al., 1984). 

Neutrophils are the first inflammatory cells to arrive at the site of injury and their 

primary function is phagocytosis. However, there is evidence that neutrophils may be 

involved in the early induction of angiogenesis. Neutrophils have been shown to store 

vascular endothelial growth factor (VEGF) (Gaudry et al., 1997), Il-l, and tumor necrosis 

factor a (TNF-a) (Hubner et al., 1996). In addition, Gaudry et al. found that compounds 
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such as TNF-a and phorbol-12-myristate 13-acetate (PMA) could induce time-dependent 

release of intracellular stores of VEGF (Gaudry et al., 1997). 

Monocytes and macrophages move into the wound during the first 24-48 hrs, and 

when activated become angiogenic (Polverini et al., 1977). These cells secrete factors 

such as bFGF, VEGF, 11-8, TGF-P, PDGF, and monocyte chemotactic protein - 1 that 

have been shown to stimulate cells involved in angiogenesis such as endothelial cells, 

smooth muscle cells, or fibroblasts and can facilitate the induction of angiogenesis 

(Coussens et al., I999;PoIverini et al., 1977;Sunderkotter et al., 1994). Thus, abrogating 

the necessity for transcriptional induction of angiogenic genes by the tissue (Coussens et 

al., 1999). Macrophages also secrete proteases capable of degrading the extracellular 

matrix, altering its structure and composition, and subsequently releasing growth factors, 

that facilitate the angiogenic process (Klimetzek et al., 1977;Sunderkotter et al., 

I994;Yanetal., 1993). 

However, macrophages, as key accessory cells to angiogenesis, must undergo a 

switch or balance from pro-angiogenic to an angio-inhibitory phenotype in order to 

facilitate the timely ingrowth and subsequent regression of capillaries seen with wound 

repair (Lingen, 2001;Sunderkotter et al., 1994). When this switch does not occur, 

macrophages can potentially contribute to unwarranted angiogenesis that is observed with 

disease processes such as neoplasia (Leek et al., 1996;Polverini et al., 1984). This switch 

involves the production of angio-regressive factors such as thrombospondin-1 (TSP-1), 

interferon-y, interferon-a and monocyte-derived endothelial cell inhibitory factor 

(MECIF) (Polverini, 1996a;Sunderkotter et al., 1994;ViIette et al., 1990). There also 
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exists a number of factors for which both angio- stimulatory and inhibitory action has 

been observed, such as TGF-p, TNF-a , IL-l and IL-6 (Sunderkotter et al., l994;Vilette 

et al., 1990). Part of the confusion relating to the function of these factors can be 

attributed to experimental design and concentration variances resulting from over 

simplification of physiological processes. 

The chronic inflammation often found associated with biomedical implants is not 

associated with a persistent angiogenic presence. This may indicate that the macrophages 

and foreign body giant cells associated with these implants are no longer producing 

angiogenic factors or they are producing anti-angiogenic factors (Salzmann, 

1997;Salzmann et al., 1999). However, the regulation of the switch in the macrophage 

phenotype firom pro-angiogenic to anti-angiogenic is not understood (Gillitzer et al., 

2001), particularly since it differs from other pathological situations of chronic 

inflammation where there is also a persistent vascular response (Coussens et al., 

l999;Polverini, 1996a). Alternatively, the angiogenic factors secreted by the 

inflammatory cells could diffuse outside of the fibrous capsule where an increased 

angiogenic response is often seen (Salzmann, 1997). 

Lymphocytes and mast cells, while important in the wound healing process 

(Gillitzer et al., 2001), are not believed to be involved in inflammatory angiogenesis 

(Sunderkotter et al., 1994). However, lymphocyte involvement is debatable, as 

lymphocytes have been found to release angiogenic factors such as bFGF and VEGF 

(Blotnick et al., 1994). More research into the role of lymphocytes and angiogenesis 
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needs to be performed, particularly given that they are often observed in association with 

mature and chronic wounds (Lingen, 2001). 

In summary, the ability to stimulate angiogenesis in association with porous 

polymers requires the consideration of several factors, such as growth factors, cell 

adhesion proteins, ECM, and the inflammatory response. Research aimed at stimulating 

angiogenesis in association with porous polymers must therefore address these factors to 

ensure that an optimal environment for vessel growth is established. This concept, 

together with information gathered from the literature reviewing what has already been 

done in this field, will be applied within this dissertation to promote angiogenesis in 

association with porous polymers. Because the ECM has a diverse role in the process of 

angiogenesis, its inclusion in modifications of porous polymers might be an essential 

component in creating the proper microenvironment for successful stimulation of 

angiogenesis. 

ENGINEERING BIOMEDICAL IMPLANTS TO STIMULATE ANGIOGENESIS, 

NEOVASCULARIZATION OR ENDOTHELIALIZATION 

The ability to promote angiogenesis, neovascularization, or endothelialization 

associated with biomedical implants is hypothesized to improve longterm device 

performance and has become the goal of many scientists (De Vos et al., 1997;Hunter et 

al., 1999;Kohler et al., 1992;Richards et al., 1996;Updike et al., 2000). Thus, promotion 

of a vascular response is a specific tissue response to be engineered through material 

development. The methodologies used to promote such vessel growth fit within one of 

two broad categories: 1) material alterations, 2) biological alterations. Examples of 
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material modifications include the use of different base materials, different structural 

presentations of a given material, or altering the non-biological surface chemistry of 

materials (Table 1.2). Examples of biological modifications include the coating of 

polymer surfaces with biologically active compounds such as growth factors or 

extracellular matrix proteins, the use of biological scaffolds rather than material 

scaffolds, and in vitro establishment of tissues to replace damaged or diseased tissues 

(Table 1.3). 

Material Modifications 

Dacron and ePTFE are two commonly used materials in biomedical implant 

design, particularly vascular grafb. Soon after the introduction of these two materials, 

experimental modification of their structure began. DeBakey et al. noted in 1958 that the 

increased porosity of the knitted Dacron graft permitted greater tissue incorporation than 

the woven Dacron grafts (De Bakey et al., 1958). Originally, greater porosity was 

believed to be objectionable as it allowed blood to leak out, however, increased tissue 

integration resulted in the desirability of knitted grafts (Greenhalgh, 1990). The addition 

of velour, or Velcro like loops, to the construction of Dacron grafts was found to further 

enhance tissue integration (Greenhalgh, 1990). In 1958, Harrison reported an improved 

performance with Teflon grafts over Dacron grafts based purely on tissue reaction to 

material composition (Harrison, 1958a). Teflon has a negative charge associated with its 

surface that is hypothesized to decrease the affinity of negatively charged blood 

constituents for the surface (Dormandy et al., 1966). Furthermore, when Teflon was 
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introduced as a vascular graft in the expanded form (ePTFE), the improved performance 

of ePTFE was attributed to the increased porosity associated with this form of Teflon 

(Guidoin et al., 1977;Matsumoto et al., 1973). The benefit of ePTFE's increased porosity 

was further supported by Voider and Kolff who observed vessels growing into the 

lumens of ePTFE vascular grafts, and described ePTFE to be the only Teflon graft to 

form a "living intima" (Voider et al., 1974). From these early developments in material 

modifications, studies have continued and include additional work with alternative 

physical structures of existing materials such as Dacron and ePTFE, alternative surface 

coatings, and alternative material compositions. 

Table 1.2. Examples of materials modifications to improve vascular integration of 
biomedical implant devices. 

Type of 
modification 

Examples Example 
Application 

Effect 

Physical 
structure 

-Adjust pore size (.2^m 
to 90^m) 

-Immunoisolation 
device, Glucose 
sensor, Vascular graft 

-Control of cell and tissue 
integration resulting in 
improved performance 

Surface 
Coating 

-Surface chemistry 
(RFGD) 

-Vascular grafts -Improved endothelial cell 
adhesion and proliferation 
on material surfaces 

Material 
composttion 

-Polyurethanes 
-Bioresorbable polymers 
(polyglactin, 
polyglycolic-acid) 
-Combinations (Lycra 
fibers and PELA) 

-Vascular grafts -Cell compatible, thrombus 
formation 
-Positive vessel compliance 
and cell adhesion 
-Efficient transmural 
vascularization 
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Alternative Physical Structures 

Changing the physical structure of existing polymers is a continued approach to 

engineering polymers to improve their biocompatibility and stimulate angiogenesis. The 

observation by DeBakey et al. that porous vascular grafts promoted greater tissue 

incorporation has continued as a theme in material development (De Bakey et al., 1958). 

Extensive research has been done evaluating changes in porosity and the influence 

porosity has on tissue incorporation, particularly new vessel ingrowth, for numerous 

devices. Wesolowski et al. was the first to describe the influence of porosity on vascular 

graft performance (Wesolowski et al., 1961). They found that the ultimate fate of grafts 

composed of numerous different materials did not correlate with the material itself, but 

with the porosity of the materials. Porosity was believed to permit new vessel ingrowth 

to the lumen of the graft, facilitating endothelialization (Voider et al., 1974;Wesolowski 

et al., 1961). Work by Alexander Clowes' group elucidated the optimal porosity for 

vascular grafts based on the ability for vessel ingrowth and subsequent endothelialization 

of the vascular graft (Clowes et al., 1986;Golden et al., 1990). They compared ePTFE 

vascular grafts with porosities of 10, 30, 60, and 90^m intemodal distances and found 

that 60^m produced the greatest endothelial cell coverage in non-human primates. 

Unfortunately, these results did not translate to humans, but this might have been due to 

the presence of an external wrap on the vascular grafts implanted into humans (Kohler et 

al., 1992). This wrap was more porous than the graft, but regardless, adds an additional 

layer to be U-aversed by ingrowing capillaries (Kohler et al., 1992). 
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Unfortunately, the evaluations of changes in material porosity and performance 

have been subject to species-specific responses as are many evaluations. Conflicting 

results, with respect to the optimal ePTFE porosity, have been observed using different 

animal species. For example, Salzmann et al. demonstrated that discs of 60^m ePTFE 

had greater angiogenic responses than other porosities when implanted into rat adipose 

and subcutaneous sites (Salzmann et al., 1997). The studies by Salzmann et al. agree with 

that of Golden et al. for the potential of 60 ^m ePTFE vascular grafts in non-human 

primates to result in neovascularization and endothelialization (Golden et al., 1990). Yet, 

Campbell et al. found that PTFE with smaller pore sizes (9-22^m) resulted in thinner 

neointima development and higher porosities (34-65^m) developed a thicker neointima in 

the canine model (Campbell et al., 1975). Contreras et al. observed a thick neointima with 

high porosity ePTFE, and a thinner neointima in ePTFE grafts that had been sealed by 

poiyurethane in the rabbit contunon carotid model (Contreras et al., 2000). Thus, the 

optimal porosity for ePTFE vascular grafts remains to be determined, particularly for use 

in humans. 

Porosity has been an important factor in the engineering of several other 

biomedical devices, particularly with respect to stimulating an angiogenic response. 

Sharkawy et al. published a three paper series characterizing the subcutaneous tissue 

response to implanted materials, particularly for indwelling sensors (Sharkawy et al., 

1997;Sharkawy et al., 1998a;Sharkawy et al., 1998b). They evaluated polyvinyl alcohol 

(PVA) (nonporous, 5, 60, and 700 ^m) and ePTFE (0.5 and 5 (im intemodal distances) 

for numerous factors relating to permeability coefficients such as capsule thickness. 
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vascular density, and vascular permeability and compared these to normal skin. 

Sharkawy et al. found that the tissue associated with 60^m PVA produced the greatest 

vascular response as well as the most permeable vessels. Immunoisolation devices are 

another application for which porosity has been evaluated to improve device function via 

increased angiogenesis. Brauker et al. evaluated several different membranes with 

various porosities ranging from .22^m to 8-l0^m (Brauker et al., 1995). The presence of 

an increased angiogenic response was based on pore size, not material type. Membranes 

that had pore sizes large enough to allow for host cell infiltration had the greater 

angiogenic responses. 

Alternative Surface Coatings 

In addition to the structure and composition of biomaterials, the nature of the 

biomaterial surface also governs the processes involved in the biological response 

(Ratner et al., 1987). Thus, modifications to the initial contact surface are also important 

to the tissue specific response to the material and its biocompatibility. Simple 

modifications such as surface texturing can be just as valuable at improving tissue 

integration and fibrosis reduction as other modifications (Clubb, Jr. et al., 1999). 

Additionally, modification of material surface chemistry can improve material 

biocompatibility. Alternatively, the simple presence of air within the pores polymers is 

thought to contribute to adverse tissue responses. Work by Boswell et al. demonstrated 

the simple replacement of air with an aqueous environment improved vascular integration 

within ePTFE (Boswell et al., 1999). While PTFE and Dacron grafts possess many of the 

attributes required for vascular prostheses, their surfaces are highly hydrophobic and limit 
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endothelial cell adhesion (Callow, 1988). Endothelialization of the lumenal surface could 

reduce thrombus formation and extend graft patency. Treatment of the polymer surfaces 

with radiofrequency glow discharge (RFGD), also known as Plasma treatments, can 

successfully modify the surface chemistry, without changing graft dynamics (Lin et al., 

1995;Pratt et al., 1989). Tseng et al. used butylamine Plasma to deposit amide and amine 

onto the ePTFE and evaluated endothelial cell adhesion and retention in the presence of 

flow to coated and non-coated grafts (Tseng et al., 1998). They found dramatic 

enhancement of initial endothelial cell adhesion as well as during exposure to pulsatile 

flow conditions. Nitrogen groups seem to provide the best conditions for improving 

material biocompatibility. Ramires et al. evaluated the use of oxygen and ammonia in 

plasma treatments for PET and various ratios of the two in order to assess the biological 

response of human umbilical vein endothelial cells (Ramires et al., 2000). They stated 

that both plasma treatments promoted endothelial cell growth, and that those groups 

containing nitrogen had better cell proliferation at longer time points. 

Alternative Material Compositions 

New materials and material combinations are being developed for the specific 

application in biomedical implants for improved biocompatibility. Extensive work is 

being done in the area of polyurethanes. Of interest are the different chemical 

compositions and fabrication designs of polyurethanes. For example, Jeschke et al. 

demonstrated that polycarbonate polyurethane small diameter vascular grafts promoted 

faster endothelialization than ePTFE grafts implanted in the descending aorta of rats 

(Jeschke et al., 1999). Work by Marois et al. has shown that polyesterurethane is 
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biocompatible with fibroblasts in vitro (non-cytotoxic) (Marois et al., 1996b). However, 

in a large vessel, in vivo evaluation, large areas of the lumen were covered with 

thrombotic material, with endothelialization at the anatomoses and limited 

endothelialization mid-graft. Dempsey et al. developed a small diameter polyurethane 

containing reactive protein binding sites (Dempsey et al., 1998). Their goal was to 

incorporate proteins into the vascular graft that might reduce or inhibit the thrombogenic 

nature of synthetic grafts, as well as control for intimal hyperplasia. Rather than having 

an entire graft constructed of polyurethane, Phaneuf et at. worked to incorporate a 

polyether-based urethane seal throughout the wall of a Dacron graft (Phaneuf et al., 

2001). Their intention was to reduce leakage of the Dacron graft while creating 

carboxylic acid groups for covalent linkage of protein. 

Bio-resorbable polymers are also being designed and evaluated for their potential 

as vascular graft replacements. The implantation of a resorbable scaffold would provide 

a temporary biomechanical support imtil cells grow within the structure and produce their 

own matrix. This is desirable because materials that disappear after they have performed 

their function obviate concerns about long-term biocompatibility (Langer et al., 1993). 

Studies incorporating woven polyglactin and polyglycolic-acid have shown positive 

results regarding vessel compliance (Greisler et al., 1992a) and support for cell adhesion 

and growth (Hoerstrup et al., 2001) respectively. 

Other studies have focused on combining material features demonstrated to 

improve biocompatibility, such as porosity and hydrophilicity. For example, Izar et al. 

developed two different vascular prosthesis comprised of elastic Lycra fibers, bound by a 
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poly(ether urethane) connecting matrix and a poly(ethylene giycoi)/poiy(lactid acid) 

(PEL A) copolymer to seal the porous scaffold. (Izhar et al., 2001). One of the prosthesis 

was relatively hydrophobic with low porosity, whereas the second prosthesis was more 

hydrophilic with increased porosity. Izar et al. found that the more porous prosthesis, also 

containing a faster degrading PELA, performed better with more efficient transmural 

tissue incorporation, transmural vascularization (neovascularization), and a well-adhered 

endothelial lining. 

Biological Modifications 

A tremendous amount of research is being performed in the area of biological 

modifications to porous polymers. The term "tissue engineering" refers to the 

interdisciplinary field that applies principles of engineering and the life sciences toward 

the development of biological substitutes (Langer et al., 1993). Classically, tissue 

engineering referred to the use of cells and tissues to develop improved devices, but more 

recently it has come to refer also to modifications that stimulate spontaneous in vivo 

responses (Merzkirch et al., 2001). An example is the modification of a polymer with 

extracellular matrix proteins to promote an angiogenic response. Tissue engineering is a 

rapidly progressing field. This is, in part, because of increasing evidence and the 

realization that it is not necessarily the properties of a material that are inhibiting the 

ingrowth of tissues. Rather, the tissue specific responses to the materials, such as fibrous 

encapsulation, are actually responsible for inhibiting the cohabitation of material and 

tissue (Merzkirch et al., 2001). Thus if the tissue response to the material can be altered 
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through tissue engineering, device performance can be improved. Additionally, in the last 

decade, the knowledge within the field of vascular biology has grown and matured with 

respect to the factors involved and their coordination (Carmeliet, 2000). This knowledge 

will enable scientists to better incorporate more precise and controlled signals (Merzkirch 

et al., 2001) within porous polymers for stimulated angiogenesis, neovascularization and 

endothelialization. 

Table 1.3. Examples of biological modifications to improve vascular integration and 
performance of biomedical implant devices. 

Type of Example Example Effect/Result 
modification Modifications Applications 
Surface -Incorporation of -Vascular graft -Intimal hyperplasia 
modification to angiogenic growth -Immunoisolation -Improved vascularization and 
improve tissue factors device enhanced cell survival 
response -Superoxide dismutase -Glucose sensors -Decreased inflammation 

associated with sensors 
Surface -ECM -Vascular grafts -Improved endothelial and 
modification to -Growth factor smooth muscle cell adhesion 
improve cell incorporation and proliferation on material 
adhesion -Peptide modifications surfaces 
Tissue -The culture of cells -skin -Successful development of 
replacements of into tissues in vitro reconstruction tissues with similar qualities. 
biological origin -blood vessel but requires extensive culture 

reconstruction time 
Biological -Decellularized tissues -Vascular grafts -Successful tissue and 
scaffolds vascular integration, but 

subject to chemical and 
enzymatic degradation 

Biological Surface Modifications to Improve Tissue Responses 

As the knowledge of various factors involved in the angiogenic processes was 

revealed, experimentation began on incorporating these angiogenic factors into porous 

polymers as surface modifications. The work by Howard Greisler's group has been 
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essential to the progression of integrating soluble pro-angiogenic factors into polymer 

scaffolds. The goal of Greisler's group was to promote endothelialization of vascular 

grafts through stimulated angiogenesis, neovascularization, and transmural 

endothelialization mechanisms. In 1987 they began working with endothelial cell growth 

factor (ECGF). ECGF is a polypeptide of bovine hypothalamic derivation, and at that 

time the most potent endothelial cell mitogen known, with mitogenic and chemotactic 

effects well demonstrated in vitro on human endothelial cells (Maciag et al., 1979). 

Greisler et al. began incorporating ECGF into Dacron grafts by first soaking the grafts 

with human plasma fibronectin, followed by heparin (used as a linker), and finally ECGF 

(Greisler et al., 1987). They concluded that this was a viable technique for attaching 

ECGF to the polymer surface, but no differences in endothelialization were observed 

between modified and non-modified groups in vivo. Greisler's group then began working 

with acidic fibroblast growth factor (FGF-1). The FGF-1 was incorporated into a fibrin 

matrix that when degraded by the body's fibrinolytic system, would release the growth 

factor over time. For these studies they used ePTFE rather than Dacron. In the initial in 

vivo studies, the FGF-1 coated groups showed increased hyperplasia when compared to 

the control groups (Greisler et al., 1992b). Several papers then focused on optimizing 

FGF-1 and heparin concentrations and release times (Kang et al., 1995;Shireman et al., 

1999;Zarge et al., 1997), as heparin is thought to inhibit smooth muscle cell proliferation 

(Laemmel et al., 1998). However, no difference in re-endothelialization rates was 

observed with the in vitro optimized concentrations, possibly due to wash out of FGF-1 

and the limitations of a single growth factor. Greisler's group is now working with 
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vascular endothelial cell growth factor (VEGF) because of concerns regarding the 

proliferative affect of FGF-1 on smooth muscle cells and its connection to intimal 

hyperplasia (Shireman et al., 2000). Both in vitro and animal data suggest a potent 

stimulation of surface re-endothelialization, however, neither VEGF nor FGF-1 are likely 

to be ideal for this application (Tassiopoulos et al., 2000). VEGF is relatively endothelial 

cell specific but is a relatively weak endothelial cell mitogen, and FGF-1 and FGF-2 are 

more potent mitogens but are less cell specific. Greisler's group has now begun work 

developing designer growth factors to be used in specific applications (Tassiopoulos et 

al., 2000). Thus far, they have evaluated such a construct, HB-GAM/FGF-1, on 

endothelial and smooth muscle cell mitogenic activity and have shown dose dependent 

responses (Xue et al., 2001). 

Growth factor treatment of ePTFE has been experimented not only for use with 

vascular grafts, but also for other device applications. For example, in order to develop a 

pre-vascularized capsule for implanting islet cells, De Vos et al. pre-treated ePTFE with 

acidic fibroblast growth factor (FGF-1) and implanted it into rats 4 weeks prior to islet 

cell insertion (De Vos et al., 1997). They found that the FGF-1 successfully stimulated 

an angiogenic and neovascular response, resulting in enhanced islet cell survival. 

Some surface modifications are targeted at improving device performance and 

function through means that are alternative to stimulated vessel ingrowth. Modifications 

are being designed to decrease inflammation, to reduce smooth muscle ceil proliferation, 

and to inhibit intimal hyperplasia. For example, Udipi et al. covalently linked a 

superoxide dismutase mimic (a scavenger enzyme that catalyzes superoxide) to polymers 
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and observed decreased early and late stage inflammation, as well as inhibition of matrix 

production and fibrosis (Udipi et al., 2000). Laemmel et al. further found that heparin 

immobilized on the surface of gelatin and albumin proteins inhibited smooth muscle cell 

growth in a dose dependent manner (Laemmel et al., 1998). 

Extracellular matrix proteins and their derivatives have also been used to surface 

modify materials. Many of these modification types have been applied to improving 

endothelial cell adhesion to synthetic vascular graft surfaces rather than to stimulate a 

particular tissue response such as angiogenesis. However, in a novel study performed by 

Kito et al., two separate ECM treatments were applied to the lumen and the albumen 

surfaces of small-caliber vascular grafts to accommodate the individual needs of each 

surface (Kito et al., 1996). They coated the lumen with a photocurable chondroitin 

sulfate and hyaluronic acid and the ablumen with gelatin. The goal was to create a non-

cell adhesive lumen and a tissue regenerative ablumen that would lead to the eventual 

replacement of the lumenal modification as it biodegrades. Unfortunately, these grafts 

resulted in thrombus formation once the lumen coverings degraded. 

Biological Surface Modifications to Improve Cell Adhesion 

Many of the biological surface modifications of porous polymers are directed at 

improving endothelial cell adhesion, particularly for application in vascular grafts. The in 

vitro endothelialization of vascular grafts is termed seeding or sodding based on the 

methodology used. The two differ in that seeding originally referred to the precloting of a 

vascular graft prior to implantation using a combination of blood and endothelial cells in 

order to develop an endothelial cell lining over time (Herring et al., 1978). Sodding on 
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the other hand, is a two step process in which the graft is preclotted first, then endothelial 

cells are added, allowing for an immediate establishment of an endothelial cell (EC) 

monolayer (Rupnick et al., 1989). The two terms are now incorrectly used 

interchangeably, but generally, sodding refers to the immediate development of an EC 

monolayer, where as seeding requires a culturing period. 

Malcolm Herring introduced endothelial cell seeding in the late '70s (Herring et 

al., 1978). Through the '80s endothelial cell seeding of Dacron and ePTFE vascular 

grafts was refined by several groups and progressed with improved cell procurement 

techniques and sources, as well as continued in vivo animal studies confirming the 

viability of this procedure and comparing Dacron and ePTFE (Graham et al., 

1980;Graham et al., 1982;Herring et al., 1984;Schmidt et al., 1985;Thomson et al., 

1989;Williams et al., 1985;Williams et al., 1989). 

In 1989, Peter Zilla's group published a process where they used clinically 

approved fibrin glue to preclot grafts, followed by seeding with endothelial cells, rotating 

the grafts for 3hrs to allow cells to adhere, and then culturing the seeded grafts for 9 days 

(Zilla et al., 1989). They observed the successful establishment of an endothelial cell 

monolayer prior to flow, but lost 23% of the cells with the onset of shear stress. Soon 

after, Zilla's group began a series of clinical trials using this seeding technique for which 

they now have a 9-year follow-up (Deutsch et al., 1999). At 9-years and over 100 

patients, they report a 65% patency rate for small diameter seeded ePTFE vs. a 16% 

patency rate in the control group. 
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Even with the clinical success of studies such as that performed by Zilla et al., 

scientists continue efforts to improve endothelial cell adhesion and retention rates on 

polymers used as vascular grafts. Approaches to improve endothelialization include 

surface modifying the polymer with ECM proteins, use of additional cell types, and in 

vitro flow regimens prior to implantation. Comparisons of various extracellular matrix 

protein coatings determined that fibronectin best supports endothelial cell adhesion to the 

surface of ePTFE and Dacron when compared to collagen IV, laminin and preclot matrix 

(Budd et al., 1991;Hasson et al., l986;Koveker et al., l991;Pratt et al., 1988;Vohra et al., 

1991). Seeding techniques were evaluated, and the resulting increased cell adhesion time 

prior to the introduction of flow, showed not only improved cell density, but also cell 

retention during pulsatile flow (Budd et al., 1991). The incorporation of GFs into the 

surface coating further improved endothelial cell proliferation on the graft material 

(Greisler et al., 1992b;Rupnick et al., 1989;Shireman et al., 2000). For example, Aken 

Feijen's group completed a series of studies looking at endothelial cell seeding of 

materials coated with crosslinked collagen and precoated with bFGF (Aumailley et al., 

I998;lmbert et al., l998;Wissink et al., 2000b;Wissink et al., 2000a). They observed 

increased adhesion and cell proliferation with their modifications. Others have 

experimented with multiple cell types for seeding (Yu H et al., 2001), including 

alternatives to endothelial and smooth muscle cells, (i.e. CD34+ bone marrow cells 

(Bhattacharya et al., 2000)) and demonstrated positive results. In addition to the use of 

full-length ECM proteins to improve cell adhesion to polymers, Massia and Hubble 

pioneered the practice of covalently linking peptides such as the ROD sequence to the 
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polymers (Massia et al., 1990;Massia et al., 1991;Massia et al., 2001). The RGD peptide 

sequence was identified as an active binding site within the extracellular matrix protein 

fibronectin that promotes cell attachment (Brandley et al., 1988;Ruoslahti, 1988). 

While advances in seeding techniques, particularly towards improved cell 

attachment or cell growth on polymer surfaces, have been successful certain limitations 

remain. The adherent endothelial cells poorly withstand shear stress, and cells are lost 

upon introduction into the blood stream (Yu H et al., 2001). Furthermore, these 

procedures require cell culturing, whether it is for cell isolation and immediate seeding of 

the graft, or a prolonged culture period enabling maturation of the endothelium (Williams 

et al., I991;Zilla et al., 1989). Consequently, these methodologies will be limited to large 

centers, and remain unavailable to a large portion of the population (Merzkirch et al., 

2001). However, the area of cell seeding has served as a proof of concept in that 

formation of an endothelial monolayer on synthetic vascular grafts can improve patency 

rates (Deutsch et al., 1999). 

Tissue Replacements of Biological Origin 

The development of an entirely biological, tissue replacement is an advanced 

concept and represents the next step to cell seeding for improving vascular conduits. The 

concept is to prepare a tissue replacement in vitro and originating from the patient's own 

cells. Initial work in this area focused on skin reconstruction (Archambault et al., 

1995;Rheinwald et al., 1975) applied to bum victims and those with diabetic ulcers 

(Black et al., 1998). Investigators have since attempted to engineer nearly every tissue 

type in the body (Langer et al., 1993). Specific to vascular replacements, Wienberg and 
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Bell published the first blood vessel constructed entirely from cultured bovine endothelial 

cells, smooth muscle cells, and fibroblasts in 1986 (Weinberg et al., 1986). This artificial 

blood vessel derived its strength from its multiple layers of collagen integrated within a 

Dacron mesh. L'Heueux et al. improved the mechanical strength of grafts from cellular 

origin by culturing the mesenchymal cells (smooth muscle and fibroblasts) in the 

presence of vitamin C (ascorbic acid) to create a three dimensional matrix similar to that 

seen in vitro (L'Heureux et al., 1998). Both of these techniques for graft development 

require months of in vitro culture time. Campbell et al. reported a novel technique for 

developing vascular grafts in vivo (Campbell et al., 1999). They implanted silastic tubing 

into the peritoneal cavity of rats and rabbits, resulting in the establishment of layers of 

myofibroblasts, collagen matrix, and a monolayer of mesothelial cells. These tubes were 

then removed and the tissue tube separated from the silastic tubing, everted, and 

successfully used as interpositional vascular grafts in rabbit carotid arteries and the rat 

abdominal aorta. 

Biological Scaffolds 

The importance of extracellular matrix and three-dimensional structures in 

exerting geometric control and guiding cell behavior (Dike et al., 1999) has influenced 

the field of biomedical engineering and tissue engineering. This influence, coupled with 

existing challenges associated with improving tissue responses to synthetic materials, has 

prompted interest in the development of acellular tissue replacements, or biological 

scaffolds. These biological scaffolds are created by decellularizing tissues, such as the 

submucosa of small intestines or blood vessels acquired from species such as porcine. 
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bovine, and sheep (Schmidt et al., 2000;Teebken et al., 2000). Acellular tissue scaffolds 

offer two main advantages: 1) they are constructed of native materials in a physiological 

orientation (Huynh et al., 1999), and 2) they retain many of the mechanical properties of 

fresh tissue (Schmidt et al., 2000). Thus, these scaffolds readily permit tissue and 

vascular integration (Schmidt et al., 2000). Unfortunately, these tissue scaffolds are 

subject to chemical and enzymatic degradation once implanted into the body (Schmidt et 

al., 2000). Consequently, tissue scaffolds must undergo chemical processing and fixation 

to preserve them against enzymatic degradation, to reduce their immunogenicity, and to 

sterilize the tissue (Schmidt et al., 2000). Glutaraldehyde is the most commonly used 

crosslinking agent. However, glutaraldehyde fixation can result in complications such as 

compromised mechanical properties, cytotoxicity, and calciflcation (Zilla et al., 1997). 

Thus, methods of glutaraldehyde detoxification (Zilla et al., 1997), as well as alternative 

crosslinking reagents, such as l-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrchloride (EDC) and polypoxy compounds, are being explored (Huynh et al., 

1999;Schmidt et al., 2000). Additionally, some groups are experimenting with novel 

methods of cell extraction that eliminate the need for crosslinking. Clarke et al. described 

a method of decellularization that includes multiple antibiotics and a proprietary 

processing method, SynerGraft that resulted in successful xenografting (Clarke et al., 

2001). 

The development of tissue replacements and acellular tissue scaffolds Is unique In 

biological material modifications In that these do not Include synthetic materials. Such 

technological advancements are not necessarily intended to stimulate vascular ingrowth. 
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although the acellular tissue scaffolds permit such ingrowth, but rather eliminate adverse 

tissue reactions by eliminating the synthetic component. Knowledge of these 

technological advancements, while seemingly unrelated to the discussion of biological 

modifications to promote a vascular response, are important with respect to their 

contributions to the understanding of the requirements of synthetic tissue replacements. 

For example, information is gained regarding strength requirements, durability, and the 

ability of ECM to direct tissue ingrowth. 

From on the information presented thus far, certain general conclusions can be 

made that are relevant to the research approach taken within this dissertation: 1) the ECM 

is important for establishing the proper environment for angiogenesis through providing 

cell adhesion ligands and sequestration of growth factors. 2) Synthetic polymers with 

pore sizes large enough to allow vessel integration improve device performance. 3) 

Incorporation of growth factors alone into polymer design is insufficient to promote new 

vessel integration. 4) Polymer modification with ECM proteins improves cell adhesion to 

the polymer surface. Consequently, the work within this dissertation focuses on 

biological ECM surface modifications of commercially available 30^m porosity ePTFE 

to promote angiogenesis, neovascularization, and endothelialization. 

LAMININS 

The laminin family of extracellular matrix proteins, and particularly laminin-5, 

are of specific interest in the studies presented in this dissertation. This interest resulted 

from evidence linking the presence of the a6p4 integrin, a laminin-5 receptor, in 
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association with blood vessels (Kennel et al., 1992;Sonnenberg et al., 1990) and its 

localization to the microvascularture and its sprouts (Enenstein et al., 1994). This 

information prompted interest in the potential importance of laminin-5 in endothelial cell 

biology and the potential for laminin-S to promote new vessel growth in association with 

implanted biomaterials. 

The laminins are a family of non-collagenous, extracellular matrix proteins 

ubiquitous to all basal lamina (BL) throughout the body. Laminins form a major 

structural element of the BL composing one of the two self-assembling networks, the 

other is composed of collagens, to which glycoproteins and proteoglcans can attach 

(Timpl, 1996;Yurchenco et al., 1994). Laminins interact with cell surface components 

and receptors such as dystroglycan to attach cells to the extracellular matrix (Henry et al., 

1996). Laminins are also signaling molecules that interact with cellular receptors such as 

the integrins to convey morphogenetically important information to the cells interior. 

Taken together, laminins flmction as a tissue scaffold and influence cell morphology, 

differentiation, and viability (Henry et al., 1996). 

The first known laminin was isolated in 1979 from the Engelgreth-Holm-Swarm 

(EHS) tumor in the mouse (Timpl et al., 1979). Isolated as a large glycoprotein, it was 

purified and determined to consist of a heterotrimer of A, Bl, and B2 subunits. Due to the 

identification of new laminins, these subunits were later renamed a, P, and y respectively 

(Burgeson et al., 1994). There are now 12 known members of the laminin family, each 

comprised of three different gene products, the a, p, and y chains (Figure 1.3). Currently, 
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there are 5 a (al-5), 3 P (Pl-3), and 3 y (yl, y2, y3) chains that have been identified 

(Aumailley et al., 1998;Kochetal., 1999). 
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Figure 1.3. Schematic representation of the members of the laminin family of 
extracellular matrix proteins. 
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While there are difTerences between the various laminin subchains, amino acid 

sequence analysis of the currently cloned subchains has indicated that their domain 

structure is generally conserved (Pikkarainen et al., 1987;Pikkarainen et al., 1988;Sasaki 

et cd., 1987a;Timpl et al., 1994). Domains I and n of each laminin a chains are thought 

to form alpha helices that co-assemble with two other subunits into a triple helical coiled-

coil structure and form the long arm seen in rotary shadow analysis (Pikkarainen et al., 

1987;Sasaki et al., 1987b). Domains ID-VI are found in the short arms of the a, p, and y 

subchains (Pikkarainen et al., 1987;Pikkarainen et al., 1988;Sasaki et al., 1987b;Sasaki et 

al., 1988). Domains III and V are cysteine rich domains and contain EGF-like repeats, 

while domains IV and VI are considered to be cysteine poor and form the globular 

domains of the short arms (Pikkarainen et al., 1987;Sasaki et al., 1987b). 

Laminin-5 

Laminin-5 (also known as kalinin, epiligrin, nicein, and ladsin) is a specific 

component of basement membranes underlying stratified epithelia and transitional 

epithelia (Masunaga et al., l996;Rousselle et al., 1991). It was first immunolocalized to 

the anchoring filaments that connect the hemidesmosomes to the anchoring fibrils, 

connecting the basal lamina and the underlying stroma (Haber et al., 1985). Laminin-5 is 

known to function as a scatter factor (Giaimelli et al., 1997;Zhang et al., 1996) as well as 

a strong anchoring protein for epithelial cells (Baker et al., 1996). Thus, it has been 

demonstrated to regulate epithelial cell behavior, including proliferation (Ryan et al., 

1999). This influence is mediated predominantly through the integrin receptors a3pl 
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(Carter et al., 1991) and a6p4 (Baker et al., 1996). While a6piintegrin is also a receptor 

for laminin-5, cells that express a6, pi, and P4, form a6p4 integrin as the dominant 

heterodimer (Mercuric, 1995). 

Relatively little data exists in the literature regarding laminin-5 and the 

vasculature. However, laminin-5 has been observed as a major component of the blood-

brain barrier (Jones et al., 1991). Wagner et al. demonstrated the loss of laminin-5 during 

ischemia induced breakdown of the blood brain-barrier (Wagner et al., 1997). 

Additionally, they observed that the a6p4 integrin localized to the astrocytes at the 

astrocyte-vessel interface, and co-localized with lanunin-5. In a subsequent study, rat 

astrocyte expression of laminin-5 was observed to be significantly enhanced by contact 

with endothelial cells (Wagner et al., 2000). This enhanced expression of laminin-5 was 

dependent on the co-culture of the two cell lines. These results indicate the importance of 

laminin-5 in EC-asctrocyte interactions and a possible support role for laminin-5 within 

the vasculature in other tissues, stimulating further interest in the ability of laminin-5 to 

improve polymer associated angiogenesis. 

Laminin-5 is secreted as a 460kD protein composed of 3 polypeptides: the 195kD 

(a3), 140kD (P3), and 155kD (72) chains. The protein can then be processed into a 

400kD protein resulting firom processing of the a3 and y2 chain to 165kD and 105kD 

respectively (Marinkovich et al., 1992a;Matsui et al., 1995). Additionally, the a3 chain is 

observed as a 145kD species in skin but rarely in cultured cells (Amano et al., 

2000;Marinkovich et al., 1992a;Marinkovich et al., 1992b). These and additional chain 
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processing can be cell dependent and can affect laminin-5 function (Quaranta et al., 

1997). The domains and processing of laminin-5 are summarized in figure 1.4. 

Domain Function 
a3 GI -3 Cell binding 
a3G/I/II/IU CPautoepitope 
a3 G4-S Heparin binding 
a3 G3-4 Proteolytic processing site 
P3 l/n Coiled-coil assembly 
fi3 VI Association with laminin 6 
12 lU, EOF 3 Proteolytic processing site 
Y2 I/li Coiled-coil assembly 
Y2 III or P3 III-IV Collagen Vll and 
arn3 III Collagen XVII binding 

domain 

FIGURE 1.4. Schematic representation of laminin-5 presenting the important 
structural domains and proposed functions. Adapted from Barker and McGrath, 
2001. 

The a3 chain is unique amongst the laminin chains in that it is produced as two 

splice variants, both of which are physiologically distinct (Galliano et al., 1995; Miner et 

al., 1997a;Ryan et al., 1994). The a3B is approximately 360kDa, while the a3A is 

secreted as a i95kDa species (Galliano et al., l995;Miner et al., 1997b;Ryan et al., 1994). 

The exact function of the a3B has not been determined. It has been suggested that the 

a3B chain corresponds to the a chain of laminin 6 (Ryan et al., 1994). However, the a 

chain of laminin 6 (and laminin 7) is a truncated polypeptide and the deduced molecular 

mass of the a3B chain is incompatable with that of the a in laminin 6. Additionally, 

mutations that hamper the expression of a3A and a3B resulting in junctional 

epidermolysis bullosa do not affect the expression of laminin 6 (Vidal et al., 1995). 

These data suggest the existence of laminin-5 isoforms with distinct a3 chains that may 

have different distributions within the body. The a3A is prominently expressed in the 

P3 a3 rST} y2 

I nail 
3 chains 

Laminin 5 
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skin while the a3B tends to be expressed more exclusively in the bronchi, alveoli, 

stomach, and intestinal crypts, and both are found in salivary glands and teeth of mice 

(Galliano et al., 1995). 

The proteolytic processing of the a3 chain G (globular) domain is believed to 

modulate interaction of laminin-5 with the integrins, and consequently, regulates cell 

motility and adhesion. The a3 chain is secreted as a 1951cD proteoglycan. As such, it is 

believed to interact mainly with the a3pi integrin to form a focal adhesion type complex 

and promote motility (Carter et al., 1990a;Carter et al., 1990b). The a3 chain can be 

processed into a 165kD species by tPA (tissue-type plasminogen activator) activated 

plasmin cleavage of the carboxy-terminal or globular domain, inhibiting migration and 

promoting hemidesmosome formation involving the a6p4 integrin (Baker et al., 

1996;Goldfmger et al., 1998;Marinkovich et al., 1992b). Hemidesmosome (HD) 

formation provides structural support through cellular adhesion to the basement 

membrane, thereby strengthening tissues as well as initiating signal cascades leading to 

cell cycle regulation (Mainiero et al., 1995;Mainiero et al., 1997). Cell lines that do not 

process the a3 chain to the l65kD form, do not form HD (Goldtinger et al., 1998). Thus, 

processing of the a3 chain is required for HD formation and for decreasing cell motility. 

This leads to speculation that actively motile cells such as in wound healing secrete 

laminin-5 containing the 195kD species (Ghosh et al., 2000;Jones et al., 1999). This 

would allow for migration and proliferation to cover the wound, followed by subsequent 

production of enzymes that process the a3 chain, promoting stable cell adhesion, 

survival, and repair to the tissue (Goldfinger et al., 1999;Nguyen et al., 2000). 
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The HD is critical to maintenance of cutaneous integrity. Mutations in the y2 

(Pulkkinen et al., 1994a), p3 (Pulkkinen et al., 1994b), or a3 (Kivirikko et al., 1995) 

chain of laminin-5 disrupt HD formation and lead to Herlitz's junctional epidermolysis 

bullosa. Gene depletion of the LAMAS gene for a3 results in tremendous blistering and 

animal death due to a failure to thrive, possibly caused by dehydration and mahiutrition 

(Ryan et al., 1999). Additionally, the loss of laminin-5 has been associated with the 

progression of premalignant lesions to invasive carcinomas in both prostate and breast 

carcinoma (Davis et al., 2001;Hao et al., 1996). 

Processing of the y2 chain affects cell behavior as well. The y2 chain is processed 

post secretion from a 155kD to 1051cD form, and is found in the matrix produced by cells 

in both forms. Work by Giannelli et al. showed that the y2 chain was further processed 

by matrix metalloprotease-2 (MMP2) resulting in an 80kD species (Giarmelli et al., 

1997). This protein species results in increased cell motility (Giannelli et al., 

1997;Koshikawa et al., 2000). However, its presence in human tissues has not been 

confirmed (Amano et al., 2000;Gagnoux-Palacios et al., 2001), and these cleavages were 

seen at non-physiological enzyme:substrate ratios (Ghosh et al., 2000). Furthermore, 

recent evidence suggests that the NHi-terminal end of the y2 chain is required for 

integration into the extracellular matrix. Specifically, the globular domain IV must 

remain intact (Gagnoux-Palacios et al., 2001). Cleavage of the y2 chain fi-om the 155kD 

to either the 105kD or 80kD form effectively removes globular domain IV (Giannelli et 

al., 1997;Koshikawa et al., 2000), and thus might remove the interaction of laminin-5 

with the extracellular matrix (Koshikawa et al., 2000). This might affect HD formation. 
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and possibly promote cell motility. MMP2 and the membrane bound membrane type-1 

(MTI)-MMP, which activates MMP2, are both capable of cleaving yl (Koshikawa et al., 

2000). This type of processing of laminin-5 by MMPs may occur during the angiogenic 

process as part of regulation of endothelial cell ftmction. 

INTEGRINS 

Laminins, in general, interact with cells via integrins, which are the major cellular 

receptors for most extracellular matrix molecules. These proteins are transmembrane 

heterodimers composed of one a and one p subunit which are encoded by distinct genes 

(Hynes, 1992). Several a integrin subunits, including a3 and a6, are cleaved into a 

transmembrane "light chain" and an extracellular "heavy chain" that are covalendy 

linked by extracellular disulfide bonds (Hynes, 1992). Additionally, both the a3 and a6 

integrins have splice variants A and B that have differing physiological functions and 

distributions (de Melker et al., 1997;Thorsteinsdottir et al., 1995). At least 18 different 

integrin a and 8 P subunits have been cloned, and over 20 different a P pairings have 

been identified in vertebrate tissues (Beikin et al., 2000). Integrins offer dynamic cell 

interactions in that their behavior can be influenced by both outside-in and inside-out 

signaling, mediation of signaling through both cytoskeletal attachments as well as soluble 

messenger cascades (Giancotti et al., 1999;Kolanus et al., 1998). 

Three integrins, a6pi, a3pi, a6p4 are known laminin receptors (Lee et al., 

1992;Mercurio et al., 1991). However, cells that express a6, pi, and p4, a6p4 is the 

dominant heterodimer that forms (Mercurio, 1995). The aSpi integrin is a receptor for 
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laminin-1, laminin-8, and laminin-5 as well as other matrix proteins and is expressed in a 

variety of tissues (Carter et al., 1991;DeIwel et al., 1994). It has been suggested that the 

aSpi integrin pair mediates the initial attachment of cells to laminin-5, after which 

ligation is transferred to the a6p4 integrin, which then mediates long-term stable adhesion 

through HD assembly (Carter et al., 1990b). 

Evidence of a6P4 integrin regulation suggests that this integrin may be involved 

in angiogenic events. The a6p4 integrin has been shown to be preferentially expressed in 

association with vascular sprouts in neonatal foreskin (Enenstein et al., 1994). 

Additionally, Klein et al. found that a6p4 was expressed at higher levels in bovine 

microvascular endothelial cells when treated with bFGF, a known angiogenic factor 

(Klein et al., 1993), indicating a potential role for this integrin in angiogenesis. Thus, this 

integrin and its interaction with laminin-5 are of interest in this dissertation and a more 

detailed description of the a6p4 integrin follows. 

Alpha 6 Beta 4 

In addition to pairing with the pi integrin subunit, the a6 integrin subunit also 

preferentially pairs with the P4 integrin subunit (Hemler et al., 1989;Mercurio, 1995). 

There are two characteristics that make this integrin unique among its family members. 

First, several groups have localized the a6p4 integrin to the intermediate filament 

associated cell-extracellular matrix adhesion structure called the hemidesmosome (Jones 

et al., 1991;Sonnenberg et al., 1991;Stepp et al., 1990). Thus, a6p4 is different from the 

other members of the integrin family which associate exclusively with the microfilament 
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cytoskeleton (Hynes, 1992). Secondly, the (34 integrin subunit has a large cytoplasmic 

domain of over 1000 amino acids, compared to other ^ subunits whose cytoplasmic 

domains are 60 amino acids or less (Hogervorst et al., 1990;Suzuki et al., 1990). It has 

been speculated that the long tail of the P4 integrin subunit may directly or indirectly 

interact with the intermediate filament cytoskeleton (Spinardi et al., 1993). 

In vitro binding studies using purified laminin-5 and recombinant P4 integrin 

subunit have shown that laminin-5 is the preferred ligand for a6p4 integrin, although this 

integrin pair can bind laminins 1, 2, 4, and 10/11 (Kikkawa et al., 2000;Spinardi et al., 

1995). When cells of a rat bladder carcinoma line, 804-G, bind laminin-5, a6p4 is 

phosphorylated on tyrosine residues implying that the laminin-5/a6p4 integrin interaction 

plays a role in signaling pathways (Mainiero et al., 1995). In support of this, Mainiero et 

al. identifled a kinase activity and two SH2 containing adapter proteins, p52^'"^ and Grb2, 

that associate with the activated, tyrosine phosphorylated a6p4 integrin. This same group 

has since demonstrated that a6p4 integrin signaling does utilize this pathway, and is 

followed by activation of Ras and stimulation of MAP kinases (Mainiero et al., 1997). 

SIGNIFICANCE 

Biomedical implants are used to replace diseased tissues that no longer perform at 

a satisfactory level. Unfortunately, many of the materials used in the construction of these 

biomedical implants are not engineered for long-term performance in biomedical 

applications. Often these devices fail due to the development of an avascular fibrous 

capsule and chronic inflammatory response, eliminating the ability of nutrients and 
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analytes to pass through the device. Additionally, in the case of a vascular graft, this 

response is adverse to the transinterstitial migration of vessels, inhibiting the 

establishment of a non-thrombogenic endothelial lining. Porous polymers are often used 

in the construction of biomedical devices because they permit tissue integration. 

Evidence suggests that the integration of a vascular network around and within the 

porous polymers could successfully improve the long-term performance of these devices. 

Thus, the approach to material development has become one designated to engineering a 

particular tissue response such as angiogenesis. 

Several approaches to improving biomaterial performance are actively being 

studied for the ability to stimulate angiogenesis as well as to improve the direct 

interaction of cells with the synthetic surface. Biomaterials are now being engineered 

from both a material and biological perspective. Approaches range fi-om materials 

development and modification to biological modifications such as the incorporation of 

biologically active surface modifications and the use of biological scaffolds and 

constructs. The end product should provide a stable environment that is well 

vascularized and functions like native tissue. 

The development of a stable and functional vasculature involves several factors, 

including the right combination of growth factors and extracellular matrix proteins to 

stabilize tube formation and provide support to the vessel. In a wound healing response, a 

primative vasculature associated with an inflammatory response is established, but this 

vasculature is temporary and regresses within 10-14 days. Most of the biological 

modifications intended to stimulate an angiogenic and neovascular response include the 
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incoqjoration of growth factors. However, the inflammatory cells involved in the wound 

healing response associated with the implant are already producing many of these factors. 

Alternatively, the modifications intended to improve ceil adhesion to materials 

predominantly involve ECM modifications. ECM modifications have traditionally not 

been considered for stimulating angiogenesis and neovascularization within a material. 

The work within this dissertation focuses on tissue engineering commercially available 

materials with biologically active ECM to stimulate new vessel growth within porous 

materials. The overall hypothesis is that the reestablishment of an extracellular 

microenvironment on and within a porous polymer will provide the appropriate substrates 

for promoting angiogenesis, neovascularization, and endothelalization. In order to 

evaluate this hypothesis, four Specific Aims and Hypotheses were established and tested. 

Specific Aim #1: Determine if modification of a porous, nonvascularizing 

polymer with extracellular matrix proteins secreted from tumorigenic cell lines will alter 

the healing response in the tissue associated with the polymer. Hypothesis #1: 

Modification of ePTFE with insoluble extracellular matrix proteins will stimulate a 

tissue associated angiogenic response as well as a neovascular response within the 

interstices of the polymer. A rat tissue implant model using a polymer disc prepared 

from tubular graft material will be used to determine the vessel density, inflammatory 

response, tissue encapsulation and characterize the microvascular elements associated 

with the implants. Samples will be evaluated morphologically and histologically. 
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Specific Aim #2: Determine if modification of ePTFE with extracellular matrix 

proteins results in endothelialization of the lumenal surface. Hypothesis #2: 

Modification of ePTFE witii insoluble extracellular matrix proteins will result in 

endothelialization of a 1mm interpositional vascular graft. A rat implant model 

including a tubular interpositional vascular graft implant will be used to determine 

endothelialization, vessel density, and gross tissue encapsulation associated with porous 

polymers modified with extracellular matrix proteins. Samples will be evaluated 

morphologically and histologically. 

Based on the results in Aims 1 and 2 demonstrating successful promotion of 

angiogenesis, neovascularization and endothelialization of porous materials through cell-

mediated deposition ECM proteins rich in laminin-5. Aims 3 and 4 were designed to 

determine if laminin-5 is a critical component of this matrix modification and if it 

interacts directly with endothelial cells. Thus, Aims 3 and 4 focus on the identification of 

an alternative source of laminin-5 rich ECM that will facilitate the specific removal of 

laminin-5 and determination of the specific ability of laminin-5 to promote angiogenesis, 

neovascularization, and endothelial cell adhesion to porous polymers. 

Specific Aim #3: Determine if a laminin-5 enriched conditioned medium can be 

used to selectively modify ePTFE. Hypothesis #3: Conditioned medium can be used 

to modify ePTFE with soluble laminin-5 to promote endothelial cell attachment in 

vitro and angiogenesis and neovascularization in vivo. A bioreactor system will be 
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used to deposit soluble ECM proteins onto the surface of porous polymers. Cell sodding 

techniques will be used for endothelial cell adhesion studies. A rat tissue implant model 

will be used to determine the vessel density, inflammatory response, tissue encapsulation, 

and vessel type distribution associated with this modification type. Comparisons will be 

made between the vascular response to cell mediated deposition of ECM protein and 

conditioned medium modifications as well as porous polymer vascularization in the rat 

and mouse. 

Specific Aim #4: Determine if laminin-5 is an essential component of HaCaT 

conditioned medium responsible for the increased human microvessel endothelial cell 

adhesion, angiogenesis, and neovascular response to modified ePTFE. Hypothesis #4: 

Laminin-S is an essential component of the HaCaT conditioned medium responsible 

for promoting ceil adhesion to and vascularization of modified ePTFE. 

Immunoaffinity chromatography will be used to remove laminin-5 from the conditioned 

medium for a subtractive evaluation of its role in endothelial cell attachment to and 

vascularization of ePTFE. In vitro experiments will evaluate HMVEC attachment with 

and without laminin-5 in the HaCaT conditioned medium (HCM) and attachment to 

purified laminin-5, including the intgerin mediators. In vivo, a mouse model of implant 

healing will be used to evaluate ePTFE discs modified with HCM, HCM minus laminin-

5, and laminin-5 purified from HCM. Polymers will be evaluated morphologically and 

histologically for vessel density, inflammation and tissue encapsulation. 
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2. EXTRACELLULAR MATRIX-MODIFIED POROUS IMPLANTS: PROMOTION 

OF ANGIOGENSIS AND NEOVASCULARIZATION 

Portions of this chapter are in published in the Journal of Biomedical Materials Research. 

Angiogenesis and Neovascularization Associated with Extracellular Matrix-Modified 

Porous Implants. Kidd, K.R., Nagle, R.B., Williams, S.K. 2002. 59(2): 366-377. 

Introduction 

Biomedical implant function is often limited by the biocompatibility of the 

synthetic materials used in device construction (Didisheim, 1993). The wound healing 

response associated with these materials results in new tissue formation, which rarely 

duplicates that of native tissue (Schreuders et al., 1988b). Such responses depend on 

implant location, composition, physical structure, and the surface chemistry of the 

materials used. Porous materials are widely used in the construction of biomedical 

devices because these materials allow for tissue in-growth and/or serve as a template for 

tissue construction (Chupa et al., 2000;Sharkawy et al., 1997;Sharkawy et al., 1998b). 

Glucose sensors, immunoisolation devices, and vascular grafts are just a few examples of 

biomedical implants that incorporate porous materials. Unfortunately, chronic 

inflammation, formation of foreign body giant cells, and creation of an avascular fibrous 

capsule are typical tissue responses associated with these prosthesis if they are left 

untreated (Sanders et al., 2000;Sharkawy et al., 1997). This adverse healing response, 

particularly the lack of an extensive vascular supply in the peri-implant tissue, is believed 
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to lead to the ultimate failure of many of these medical implants (Didisheim, 

1993;Gerritsen, 2000). 

Consequently, scientists are searching for ways to improve the biocompatibility of 

these materials and engineer specific tissue responses. Approaches include engineering 

new polymer designs and chemical compositions, as well as the use of biologically active 

molecules to achieve both a reduction in capsule formation and to promote vascular 

integration. This tissue response could lead to a reduction in inflammation, a reduction in 

fibrosis, and increased long-term fimction. 

Thus far, studies have demonstrated the ability to increase vascular integration of 

porous materials through variations in porosity alone. While this has been successful in 

several animal models, it has experienced limited success in human models (Berger et al., 

1972;Contreras et al., 2000;Kohler et al., 1992). Therefore, the development of a 

biological modification capable of stimulating a sustained angiogenic response that 

would subsequently lead to neovascularization or a new vascular network within the 

pores of the material would be a significant contribution to the field. 

Several factors contribute to the promotion of an angiogenic response. 

Consequently, modifying porous materials with a single protein or amino acid sequence 

from a larger protein would likely produce a limited vascular response in the tissues 

associated with the implanted material (Merzkirch et al., 2001). Alternatively, more 

complex modifications may be more successful at promoting sustained vascularization of 

porous materials. Tumors are known to produce highly vascular environments. 
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Therefore, the angiogenic potential of the extracellular matrix produced by a tumorigenic 

cell line is the focus of the current study. 

The purpose of this study is to evaluate the ability to recreate an environment 

known to produce an angiogenic response and alter the tissue response associated with 

porous materials in vivo. The hypothesis is that modification of expanded 

polytetrafluoroethylene with extracellular matrix proteins will stimulate a tissue 

associated angiogenic response as well as a neovascular response within the interstices of 

the polymer. Two corollary hypotheses are 1) a tumorgenic cell line will successfully 

deposit its extracellular matrix onto the surface of ePTFE, and 2) this extracellular matrix 

will promote an angiogenic and neovascular response while altering the associated tissue 

responses. 
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Materials and Methods 

In Vitro 

Cell culture and matrix deposition 

The rat bladder, squamous cell carcinoma cell line, 804-G, was a generous gift 

from Dr. Jonathan Jones; Cell, Molecular, and Structural Biology Department, 

Northwestern University Medical School. Cells were maintained in culture medium 

(Dulbecco's Modified Eagle's Mediimi with high glucose, 10% fetal bovine serum, 2mM 

L-glutamine, and 5mM HEPES buffer). Cell attachment to ePTFE for matrix deposition 

was performed as described previously (Williams et al., 1991). Briefly, confluent 

cultures were trypsinized (trypsin/EDTA) and suspended into medium. The cell volume 

required to coat the lumenal surface of the polymer with 2 x lO^cells/cm" was calculated 

and adjusted to equal the total internal volume of standard wall expanded 

polytetrafluoroethylene (ePTFE, IMPRA, Inc., Tempe, AZ), 4mm internal diameter, with 

30 ^un intemodal distance. Cells were pressure sodded onto the lumenal surface of the 

ePTFE and allowed to mature in the presence of culture medium for 2, 4, 6, and 8 days. 

The culture medium was refreshed every three days. EPTFE tubes were then halved, with 

one half processed for scanning electron microscopy to evaluate the efficacy of the 

sodding procedure, and the other half processed for cell removal (see below) with 

subsequent scanning electron microscopy analysis to assess the cell removal process. 

Cell removal 

Cells were removed from the ePTFE by exposure to 40mM ammonium hydroxide 

for Ihr, with solution changes every 15 minutes to ensure fresh solution and removal of 
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lysed cells. Four washes followed using divalent-cation free phosphate buffered saline 

(DCF-PBS), pH 7.4. Cell coverage, removal, and matrix deposition was evaluated by 

scanning electron microscopy and light microscopy (H&E). 

In Vivo 

Study design 

All animal studies were performed with protocols approved by the University of 

Arizona Health Sciences Center Animal Care and Use Committee and according to the 

National Institutes of Health Guidelines for the Care and Use of Laboratory Animals 

(#85-23 Rev. 1985). Surgeries were performed as previously described by Salzmann et 

al. (Salzmann et al., 1997) Briefly, for each procedure the animals were anesthetized with 

an intraperitoneal injection of 50 mg/kg sodium pentobarbital prior to the surgery. 

EPTFE discs (punches from the tubular material taken with a 6mm biopsy punch) were 

implanted into the right and left epididymal fat pads and the right and left rear haunch 

subcutaneous tissue in a total of twelve, male Sprague-Dawely rats. The data represent 

the combination of 3 replicate experiments with non-modified ePTFE n=14 and modified 

ePTFE n=13. Five weeks after implantation, the samples were removed and placed in 

Histochoice™ fixative (Amresco, Solon, OH). In vivo studies utilized the 8-day culture 

period for 804-G cell growth. Samples consisted of either non-modified or modified 

ePTFE implanted in a random order with a total of four samples per animal. Throughout 

this evaluation the term ablumen refers to the outer curve (convex surface) of the ePTFE 

disc and lumen refers to the inner curve (concave surface) of the ePTFE disc. 



88 

Histology and immunohistochemistry 

Tissue samples were dehydrated, embedded in paraffin, sectioned at 6^m and 

processed for histological and immunocytochemical evaluation. General histological 

structure was determined with hematoxylin and eosin staining. The vasculature was 

identified using the lectin, Griffonia simplicifolia-1 (1:100, peroxidase conjugated lectin-

GS-l; EY Laboratories, San Mateo, CA). For determination of vessel type distribution, 

an antibody against alpha smooth muscle cell actin (1:400; Sigma, St. Louis) was used. 

Samples were evaluated immimocytochemically for the presence of activated 

macrophages and monocytes using EDI antibody (1:100, monoclonal; Serotec, Inc., 

Raleigh, NC), followed by a peroxidase conjugated anti-mouse secondary antibody. EDI 

antibody recognizes a single chain glycoprotein of 90-100kD expressed by tissue 

macrophages in the rat and similar to CD68 in the human. Samples were reacted with 3, 

3' diaminobenzidine (DAB) substrate for visualization. Methyl green staining was used 

to identify background nuclei following both immunocytochemical techniques. 

Fibrous encapsulation evaluation 

Five random images were captured at either the lumenal or ablumenal edge of the 

polymer from each H&E stained section using a 20x objective and a sony catseye 

camera. These images were categorized based on their position relative to the ePTFE disc 

(lumenal, ablimienal, edge or mid-disc) as well as capsule tissue type (fibrous or cellular 

capsule). Using a computer based morphmetric system (Metamorph Imaging Systems 

Software; Universal Imaging Corporation, West Chester, PA) three measurements of the 

capsule thickness were taken from each image, totaling fifteen measurements per sample 



89 

(five images per sample, three measurements per image). Values were expressed as mean 

thickness ^m± s.e.m. 

Determination of vessel type distribution 

Five random images of the GSl stained sections were captured and evaluated 

morphometrically. For every image, a 200x200 um^ area of tissue at the tissue-material 

interface was randomly selected. Using a computer based morphometric system 

(Metamorph Imaging Systems Software; Universal Imaging Corporation, West Chester, 

PA) the diameter of each vessel within this area was measured. A vessel having a 

diameter of <10um was classified as a capillary. All vessels with diameters >10 um were 

classified as either arterial or venous based on wall thickness. The serial sections stained 

immunohistochemically for alpha smooth muscle cell actin were used to aid in this 

differentiation. 

Vascular casting procedure 

Two animals were randomly selected for vascular casting. In anesthetized 

animals, the thoracic aorta was catheterized and perfused with heparinated saline 

(lOOU/lOml) followed by 10ml of 2.5% gulteraldehyde. Following perfusion fixation, a 

Mercox casting mixture (Ladd Research IndusUies, Inc., Williston, VT) was introduced 

into the vasculature. The mixtiu-e was allowed to polymerize, and the tissues surrounding 

the polymeric implants were removed and placed into 5% KOH until the tissue was 

completely macerated. 
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Scanning electron microscopy 

Samples were prepared for scanning electron microscopy evaluation by 

dehydration, critical point drying, and sputter coating using a gold target. The samples 

were evaluated and photomicrographs obtained using a JOEL 820 scanning electron 

microscope (JOEL USA, Peabody, MA). 

Quantification 

Vessel density 

Vessel density was evaluated using the sections stained with GS-l viewed under 

a 40x water-immersion objective lens. The number of cross sectional and longitudinal 

vessel profiles were counted in a total of 40 high powered fields per disc implant (HPF = 

54 X 54^m^). These HPF were randomly selected at the tissue-polymer interface, along 

the entire length of the polymer. The criterion for a positive vessel were, 1) positive GS1 

reaction, 2) an identifiable lumen, 3) located within the designated HPF area. Vessel 

counts were grouped based on the location of the HPF area relative to the polymer. Four 

groups were compared, lumenal tissue (n=10), lumenal polymer (n=10), ablumenal tissue 

(n=10), and ablumenal polymer (n=10). Vessel density for each implant group was 

expressed as mean number of vessels/mm^ ± s.e.m. 

Inflammation 

Inflammatory response was evaluated using the sections stained with EDI viewed 

under a 40x water-immersion objective lens. Using a 54 x 54^m^ high power field, 20 

fields were randomly selected at the tissue-polymer interface, within the ablumenal 



91 

(n=10) and lumenal (n=10) tissue surrounding the polymer. EDI positively staining cells 

within the HPF in the tissue surrounding the material were counted. Inflammatory cell 

number for each implant group was expressed as mean number of inflammatory 

cells/mm^ ± s.e.m. 

Statistics 

All statistical comparisons were completed using an ANOVA to determine 

significance, followed by a Bonferroni's post hoc test to determine the values that were 

significantly different. Differences were considered statistically significant at p < 0.05. 
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Results 

In Vitro 

Cell deposition of matrix onto a polymer 

The 804-G cell line was sodded onto the ePTFE and permitted to proliferate and 

deposit an ECM both on and within the porous materials for 2, 4, 6, and 8 days (figure 

2.1). Following sodding, cell culture, and cell removal, the level of matrix coverage was 

evaluated. The 8 day time point demonstrated the greatest ECM deposition and was, 

therefore, selected for use in the in vivo studies (figure 2.2). Throughout this chapter, the 

terms modified and non-modified refer to ePTFE with and without an ECM deposition, 

respectively. 

In Vivo 

In order to evaluate the modified and non-modified ePTFE samples in vivo, 6nim 

discs were prepared using a biopsy punch. These discs have a curvature similar to the 

original ePTFE tube. For the purposes of this evaluation, the concave surface is referred 

to as the lumen and the convex surface as the ablumen. 

Vessel density: Adipose and subcutaneous tissue 

Differences in the vascular response to the modified and non-modified groups 

were observed in histological preparations. In both the subcutaneous and adipose tissues, 

the modified material demonstrated an increase in the presence of microvascular profiles 

in the tissue associated with the implants (angiogenesis), as well as new blood vessels 
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with patent lumens within the interstices of the implants (neovascularization) when 

compared to the non-modified material (figure 2.3). 

In every statistical comparison between the modified and the non-modified 

groups, the modified ePTFE stimulated a significantly greater angiogenic and 

neovascular response (figure 2.4). The only difference in the vascular response between 

the lumen and ablumen surfaces was observed in the subcutaneous tissue where the 

modified material had significantly more angiogenic vessels on the ablumen compared to 

the lumen. 

Vessel type distribution 

The modified group stimulated a greater relative percentage of capillaries 

compared to the non-modified group in both the adipose and subcutaneous tissues (figure 

2.5). This represents a vessel distribution similar to that normally found in native adipose 

tissue, and differs with the distribution found in native subcutaneous tissues. The 

subcutaneous tissue generally has a greater percentage of arterioles. A direct comparison 

between the mean number of capillaries demonstrated the significant difference between 

the modified and non-modified samples in both tissues (figure 2.5). 

Vascular architecture 

Vascular casts of the implants and associated tissue were done to assess the 

presence and orientation of the microvasculature. While non-modified ePTFE displayed 

a relatively vessel free surface, new vessels, as determined by their penetration into the 

pores of the ePTFE, are clearly observed in association with the modified ePTFE (figure 

2.6). 
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Cellular response: Adipose tissue 

The cellular respotise observed in association with the ePTFE samples is 

characterized and presented in two formats: 1) A cellular response as opposed to a 

fibrous response, and 2) The EDI positive cellular response or the inflammatory fraction. 

Histological sections are presented in figure 2.7. The lumenal surfaces of the adipose 

implants present a cellular response whereas the lumens of the subcutaneous implants 

present a fibrous response (table 2.1). Additionally, the modified group has a greater 

cellular response compared to the non-modified group (table 2.1), but there is no 

difference in the EDI response between the two groups (figure 2.8). The EDI positive 

values for the lumenal and ablumenal surfaces were similar between the modified and 

non-modified groups, but the non-modified group showed a significant difference 

between the lumen and albumen EDI positive cell count (figure 2.8). 

Cellular response: Subcutaneous tissue 

The modified and non-modified groups produced fibrous capsules rather than 

cellular capsules (figure 2.7e-h). However, the EDI cell counts were significantly 

different between the groups. The modified group elicited a significantly greater EDI 

response for both the lumen and ablumen surfaces (figure 2.8b). Neither group 

demonstrated a difference between the lumen and ablumen. 

Capsule formation: Adipose tissue 

The non-modified group developed a predominantly fibrous capsule. However, 

the lumenal surface did develop a cellular capsule in about half of the fields observed 

(table 2.1). The modified group developed a cellular capsule surrounding the entire disc 
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implant (figure 2.9). Regardless of modification or capsule type, the capsules that formed 

surrounding the adipose implants were of roughly the same thickness with no significant 

difference between the edge and mid disc regions. 

Capsule formation: Subcutaneous tissue 

The non-modified and modified groups developed similar capsules (figiu-e 2.9). 

Both groups formed fibrous capsules that were of even thickness on the ablumenal 

surface and of varied thickness across the length on the lumenal surface with the mid-disc 

region being significantly thicker than the edges (table 2.1). 

Table 2.1. Tissue capsule thickness expressed as mean thickness m |im ± SEM. 

Capsule Thickness nm Capsule 
Implant Site Modification Surface disc edge disc mid Classification 

None ablumen 90 ± 12 87 ±9 Fibrous 
Adipose Tissue lumen 56 ±8 62 ±8 Mix 

804-G ablumen 90± 16 72± 11 Cellular 
lumen 66±8 73± 13 Cellular 

None ablumen 69 ± 10^ 97 ±7 Fibrous 
Subcutaneous lumen 80 ± 10^ 142 ± 13 Fibrous 

804-G ablumen 100 ±8^ 94 ±7^ Fibrous 
lumen 77 ± 8^^ 175 ± 13 Fibrous 

^ Significantly different from 804-G lumen, disc mid 
Significantly different from non-modified lumen, disc mid 

P<0.05 
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Discussion 

Cunently available polymers used for the construction of biomedical devices do 

not stimulate a significant angiogenic response in the peri-implant environment, and 

vessels are rarely found within the material (Bellon et al., 1996a;Schreuders et al., 

1988b). The most common cellular and extracellular response observed in association 

with medical implants is the development of an avascular fibrous capsule predominantly 

composed of interstitial collagen. The relative lack of vascularity within this capsule 

often contributes to inappropriate device function, such as loss of fluid exchange, 

susceptibility to infection, and/or occlusion (Didisheim, 1994;Sharkawy et al., 

1997;Updike et al., 2000). Additionally, while an acute inflammatory response results in 

the release of growth factors and cytokines that stimulate angiogenesis (Didisheim, 

1993;Polverini et al., 1984;Sunderkotter et al., 1994), this response often leads to a 

foreign body reaction and/or chronic inflammation that results in chronic inhibition of a 

vascular response surrounding the implant (Anderson, 1988;Brauker et al., 

I995;Salzmann et al., 1999). In this study, a porous biomaterial typically used in the 

construction of synthetic vascular grafts was used to evaluate three aspects of the healing 

response: 1) vascularization, 2) cellular response, and 3) material encapsulation. The 

hypothesis was that modification of expanded polytetrafluoroethylene with extracellular 

matrix proteins from a tumorgenic cell line would stimulate a tissue associated 

angiogenic response as well as a neovascular response within the interstices of the 

polymer. Furthermore, this vascular response would be accompanied by an altered 

cellular response and decreased fibrous encapsulation. The model used for polymer 
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healing was a slightly curved disc of ePTFE implanted into the rat subcutaneous and 

adipose tissue locations to account for site specific tissue responses (Williams et al., 

1997). Throughout, this study, attention was given to the geometry of the disc implant. 

The healing on the lumenal or concave surface was compared to that of the ablumenal or 

convex surface. This was done in order to account for the effect of structural differences 

on the healing response (Golden et al., 1990;Matlaga et al., 1976). 

Vessel density 

The observed vessel responses include two interrelated mechanisms. First, 

activation of endothelium and endothelial cell associated cells leads to the occurrence of 

angiogenesis in the peri-implant tissue. This angiogenic response results in 

microvascular association with the surface of the implant. The second, and more 

significant event, is the penetration of endothelial cells with concomitant formation of 

microvascular elements within the porous structure of the implant, defined as 

neovascularization. 

The main focus of this study was to evaluate the differences in new vessel 

integration between ECM-modified and non-modified ePTFE. Differences between the 

presence of this vasculature, the overall cellular response, and the type of capsule formed 

were also evaluated. Overall, the polymer modified with the matrix produced by a 

tumorgenic cell line stimulated a greater neovascular and angiogenic response compared 

to the non-modified polymer. Furthermore, this new vasculature predominantly consisted 

of capillaries, with little difference in the vessel density between the lumen and 

ablumenal surfaces. Thus, the shape of the implant had little impact on the vascular 
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integration. The one exception to this occurred in the subcutaneous implant, where the 

modified group did have a significantly greater angiogenic response in the ablumen 

compared to the lumen. This possibly occurred secondary to the formation of a very 

thick fibrous capsule on this surface that could have impede new vessel ingrowth. 

Cellular response 

The cellular response is presented from two perspectives: 1) the overall cellular 

response, as related to capsule formation, and 2) the inflammatory response based on the 

presence of activated macrophages and monocytes (EDI positive response). The first is 

important from the standpoint of different tissue responses (cellular versus fibrous), and 

the possible influence of tissue variations rather than material modification on 

vascularization. The second perspective targets the material specific cellular response 

(inflammatory versus non-inflammatory) and its effect on new vessel growth, 

independent of the tissue. 

The topic of inflammatory responses and angiogenic potential is debated. Some 

groups have demonstrated a blunted angiogenic response in the healing tissue associated 

with these materials (Salzmann et al., 1999), while others find inflammatory responses 

can promote angiogenesis (Anderson, 1988;PoIverini, 1996b). To determine if any such 

relationship existed in this model, or if there was a pattern between the type of capsule 

formed and the inflammatory response, tissue sections were immunohistochemicaly 

evaluated using the EDI antibody, which identifies activated macrophages and 

monocytes. It was shown that the angiogenic and neovascular response to a material was 



99 

not generally related to the degree of the EDI positive inflammatory response, nor the 

cellular response. 

These observations indicate a more complicated interaction. In the adipose tissue, 

the modified materials elicited a greater cellular response compared to the non-modified 

group, which produced fibrous rather than cellular capsules. Yet, in the EDI comparison, 

there was essentially no difference between the groups. However, in the subcutaneous 

tissue, there was no difference between the two groups as far as the cellular response, 

both had flbrous capsules, yet the modified group did have an increased EDI positive cell 

response. Still, in both tissues, the modified group had a greater angiogenic response. 

This might indicate that the vascular response in the adipose tissue is related to the 

altered tissue structure of the capsule rather than to an inflammatory facilitated stimulus. 

However, an inflammatory mediated vascular response might be plausible in the 

subcutaneous tissue. Taken together, this would imply that the two tissues have different 

mechanisms leading to an angiogenic response. However, regardless of the tissue 

implantation site, modifled polymers always produced a greater angiogenic and 

neovascular response. Indicating that the most significant factor in the polymer related 

angiogenic response is the tissue/endothelial interaction with the matrix modification. 

Capsule formation 

The third aspect of the healing response evaluated was the capsule formation 

around the disc. Capsule formation can lead to isolation of the material from the rest of 

the body and may contribute to a decreased angiogenic response to the material (Brauker 

et al., 1995;Gerritsen, 2000;Sanders et al., 2000;Updike et al., 2000). Capsule thickness 
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was measured and a characterization of the capsule type was made as follows. A cellular 

capsule was defined as a dense cellular layer surrounding the material with minimal to no 

fibrous tissue. A fibrous capsule was defmed as a predominantly fibrous layer with a 

distinct architecture firom the native tissue. Attention was given to the shape of the 

implant and the impact of this on the capsule formation surrounding the material. 

The general tissue architecture that formed in association with the polymeric 

implants was the same for both the non-modified and the modified groups. In the 

subcutaneous tissue, the capsule was significantly thicker on the lumen compared to the 

ablumen, with the thickest region at the mid point of the curved material. A probable 

explanation for this observation is that in subcutaneous tissue a void space is created on 

the lumenal surface due to the slight curvature of the disc. Consequently, fibrous tissue is 

produced to fill this void, resulting in a thicker encapsulation at the middle or deepest 

point of the concavity relative to the edge. The capsule that formed in the adipose tissue 

was uniform in thickness surrounding the entire polymer. Adipose tissue is malleable in 

nature and therefore likely fills in the space created by the concavity of the disc, thus 

eliminating the need for fibrous fill. 

The capsule type was the same for the non-modified and modified groups in the 

subcutaneous but not in the adipose tissues. Subcutaneously, both groups developed 

predominantly fibrous capsules. However in the adipose tissue the modified group 

developed a cellular capsule, and the non-modified group developed a fibrous capsule on 

the ablumenal surface and a combination of fibrous and cellular capsules on the lumen. 
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Summary 

A cell-mediated deposition of an extracellular matrix from a tumorgenic cell line 

successfully promotes an increase in new vessel growth around and within ePTFE, 

supporting the hypothesis. When the healing response is examined from the perspectives 

of vascular response, cellular response, and encapsulation, no clear pattern is observed. 

The non-modified ePTFE predominately develops an aceilular, avascular, fibrous 

capsule, and the ECM-modified ePTFE promotes a vascularized capsule regardless of 

capsule type, tissue location, and inflammatory response. However, in the adipose tissue, 

the increased angiogenic and neovascular responses were accompanied with increased 

cellularity within the capsule, and in the subcutaneous tissue the increased angiogenesis 

and neovascularization were accompanied with increased inflammation. Both responses 

might facilitate increased new vessel growth through decreased resistance and increased 

production of angiogenic factors respectively. However, at this point, any relationship 

between the angiogenic, capsular and cellular responses is merely speculation. Such a 

pattern has not been definitively demonstrated, therefore, further investigation into the 

observed angiogenic response is needed. 

It is of interest that this modification produces a vascular bed predominated by 

capillaries. This could have functional implications. Increased capillary density can 

facilitate increased exchange of nutrients between the tissue and the blood. An increased 

capillary presence could enhance the performance of exchange devices such as 

indwelling sensors, which depend on molecules crossing into the device through the 

exchange vessels. 
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The stimulation of an angiogenic response in the tissue associated with ePTFE 

implants has been a goal of many laboratories interested in improving the function of 

biomedical implant devices and particularly vascular implants. It is often hypothesized 

that a porous polymer that stimulates angiogenesis will also exhibit increased 

neovascularization, endothelialization and hence increased polymer life. In the context of 

the data presented here, this same sequence of angiogenesis, neovascularization and 

presumably endothelialization can be achieved using insoluble factors incorporated into 

porous polymers. 
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FIGURE 2.1. Light micrograph and scanning electron micrograph demonstrating cell 
growth and matrix deposition on ePTFE. Hematoxylin and eosin stained section of 
standard wall ePTFE following eight days of 804-G cell growth (A). SEM illustrating 
the surface of matrix covered ePTFE following cell removal (B). Bar = 30nm. 
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FIGURE 2.2. Scanning electron micrographs of ePTFE with 804-G cells pre cell removal 
(A, C, E, 0) and post cell removal (B, D, F, H). Time points evaluated are days 2 (A, B), 
4 (C, D), 6 (E,F) and 8 (G,H). Large Bars = 100^m, small bars = lO^un. 
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FIGURE 2.3. Light micrographs of GS-l positive vessels associated with modified and 
non-modified ePTFE implants. EPTFE cross-sections in rat adipose (A-D) and 
subcutaneous tissues (E-H). Images are grouped as ablumenal (A, B, E, F) and lumenal 
(C, D, G, H) surfaces and non-modified (A, C, E, G) and modified (B, D, F, H). Vessels 
with lumens are observed in association with all implanted polymers, and are seen 
prominently in the pores of the modified ePTFE in both tissues (arrows). Bar = 30|mi. 
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FIGURE 2.4. Histogram of angiogenesis and neovascularization associated with 
modified and non-modified ePTFE. Angiogenesis and neovascularization associated with 
ePTFE implanted into the rat adipose (A-B) and subcutaneous (C-D) tissues. Values 
expressed as mean number of vessels per mm^ ± SEM. * denotes significantly different, 
p<0.05. 
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FIGURE 2.5. Histogram of vessel type distribution and capillary density associated with 
modified and non-modified ePTFE. Adipose and subcutaneous vessel type distribution 
expressed as relative percentage of the mean number of arterioles, capillaries, and 
venules (A-B). Absolute difference in the number of capillaries in the tissue associated 
with implanted ePTFE discs (C-D). * denotes significantly different compared to non-
modified, p < 0.05. 
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FIGURE 2.6. Scanning electron micrograph of a vascular cast demonstrating 
microvessels surrounding and peneU-ating modified ePTFE. Non-modified (A) and 
modified ePTFE (B-C) samples implanted into the adipose tissue of the rat were cast at 
the time of explant. Bar = 30^m. 
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FIGURE 2.7. Light micrographs of EDI positive cells associated with modified and non-
modified ePTFE implants. EPTFE cross-sections in rat adipose (A-D) and subcutaneous 
tissues (E-H). Images are grouped as ablumenal (A, B, E, F) and lumenal (C, D, G, H) 
surfaces and non-modified (A, C, E, G) and modified (B, D, F, H). Positively stained 
cells are identifiable by the dark tone. Bar = 30^m. 
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FIGURE 2.8. Histogram of EDI positive cells associated with modified and non-
modified ePTFE. EDI positive cells associated with ePTFE implanted into the rat 
adipose (A) and subcutaneous (B) tissues. Values expressed as mean number of cells per 
mm^ ± SEM. * denotes significantly different, p < 0.05. 
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FIGURE 2.9. Light micrographs of hematoxylin and eosin-stained tissue cross-sections 
containing modified and non-modified ePTFE implants. EPTFE cross-sections in rat 
adipose (A-D) and subcutaneous tissues (E-H). Images are grouped as ablumenal (A, B, 
E, F) and lumenal (C, D, G, H) surfaces and non-modified (A, C, E, G) and modified (B, 
D, F, H). Vertical lines in the non-modified group denote examples of capsule thickness 
measurements. Bar = 30|im. 
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3. EVALUATION OF EXTRACELLULAR MATRIX MODIFICATIONS FOR 

POLYMER ASSOCIATED ANGIOGENESIS AND NEOVASCULARIZATION. 

Introduction 

The adverse tissue response to non-modified ePTFE is a complex sequence of 

events that occurs at several levels, uhimately resulting in poor polymer integration and 

development of an avascular fibrous capsule. Several approaches to the 

"preconditioning" of ePTFE have been taken by groups to improve tissue integration and 

endothelial cell adhesion. These include altering the surface chemistry (Ramires et al., 

2000;Tseng et al., 1998), immobilizing bioactive molecules and growth factors on the 

polymer surface (Chandy et al., 2000;Shireman et al., 2000), and immobilizing matrix 

proteins or peptide sequences onto the polymer surface (Clubb, Jr. et al., 1999;Kito et al., 

l996;Massia et al., 1991). The stimulation of angiogenesis, neovascularization, and 

endothelialization associated with porous polymers can improve the performance of 

various biomedical implant devices, including vascular grafts. Generally, attempts to 

stimulate angiogenesis associated with porous polymers have been limited to the 

incorporation of soluble growth factors in biological material modifications 

(Tassiopoulos et al., 2000). The use of insoluble extracellular matrix proteins has been 

predominantly limited to applications involving improved cell adhesion to the surface of 

materials, particularly for in vitro endothelialization of vascular grafts (Koveker et al., 

199l;Vohra et al., 1991). However, insoluble factors such as extracellular matrix proteins 

serve as a critical component in the process of new vessel growth (Ingber et al., 1989a). 
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Modification of polymer surfaces with such insoluble proteins could result in the 

promotion of angiogenesis and neovascularization in association with the polymer. 

Studies performed in chapter 2 demonstrated that modification of ePTFE with the 

extracellular matrix produced by a tumorigenic rat epithelial cell line resulted in 

increased vascular integration of ePTFE in both adipose and subcutaneous implant 

locations. However, the process of a cell-mediated ECM deposition might result in a 

surface modification of ePTFE that is capable of stimulating angiogenesis and 

neovascularization, irrespective of the specific matrix composition. A comparison of cell-

mediated ECM modifications of ePTFE fi*om several different cell lines, each with 

distinctive characteristics, could provide greater insight into the specifics of the polymer 

associated, ECM stimulated angiogenesis and neovascularization. 

The purpose of the current study is to: 1) evaluate several different cell-mediated 

extracellular matrix modifications of ePTFE and determine if one or many preferentially 

influence new vessel growth around and within ePTFE, and 2) Determine if there are 
P; 

common components between these extracellular matrix modifications such as species of 

origin, inflammatory response, or matrix composition. 
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Materials and Methods 

In Vitro 

Cell culture and matrix deposition 

Cell lines used for the cell-mediated ECM modification of ePTFE included 804-

G, HaCaT, 0-4, A549, HMVEC, and RMVEC. Matrigel was also utilized. The HaCaT 

human squamous epithelial cell line was a generous gift firom Dr. Norbert Fusenig: 

German Cancer Research Center. The II-4 cell line, a tumorgenic variant of the HaCaT 

cell line resuhing from treatment with PMA, was a generous gift from Dr. Norbert 

Fusenig: German Cancer Research Center. The rat bladder, squamous cell carcinoma cell 

line, 804-G, was a generous gift from Dr. Jonathan Jones: Cell, Molecular, and Structural 

Biology Department, Northwestern University Medical School. The HaCaT, II-4, and 

804-G cells were maintained in culture medium (Dulbecco's Modified Eagle's Medium 

with high glucose, 10% fetal bovine serum, 2mM L-glutamine, and 5mM HEPES buffer). 

The HMVEC and RMVEC, human and rat microvessel endothelial cells respectively, 

were isolated from human abdominal liposuction derived adipose tissue and rat 

epididymal fat pads in our laboratory (Williams et al., 1994a). The HMVEC and RMVEC 

cells were maintained in complete medium (Medium 199, 10% fetal bovine serum, 

60ng/ml crude endothelial cell growth supplement (ECGS) with heparin, 2niM L-

glutamine, and 5mM HEPES buffer). The A549, isolated from lung carcinomatous tissue 

(epithelial cell line) was purchased from the ATCC (No. CCL-185) and maintained in 

complete medium (F12K medium, 1.5g/L sodium bicarbonate, 2mM L-glutamine, and 

5mM HEPES buffer, 10% fetal bovine serum). MATRIGEL® (Becton Dickinson, 
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Bedford, MA) was diawed per the manufacturers guidelines and coated undiluted onto 

ePTFE (lOmg/ml). 

Cell attachment to ePTFE was performed as described previously (Williams et al., 

1991). Briefly, confluent cultures were trypsinized (trypsin/EDTA) and suspended into 

medium. The cell volume required to coat the lumenal surface of the polymer with 2 x 

lO^cells/cm^ was calculated and adjusted to equal the total internal volume of standard 

wall expanded polytetrafluoroethylene (ePTFE, IMPRA, Inc., Tempe, AZ), 4mm internal 

diameter, with 30 ^m intemodal distance. Cells were pressure sodded onto the lumenal 

surface of the ePTFE and allowed to mature in the presence of culture medium for 8 

days. The culture medium was refreshed every three days. 

Cell removal 

Cells were removed from the ePTFE by exposure to 40niM ammonium hydroxide 

for Ihr, with solution changes every 15 minutes to ensure fresh solution and removal of 

lysed cells. Four washes followed using divalent-cation free phosphate buffered saline 

(DCF-PBS), pH 7.4. 

Western blot 

Following cell removal from the ePTFE, the extracellular maUix was collected 

using a plastic cell scraper into 500|il of Laemmli SDS sample buffer (Laemmli, 1970). 

SDS polyacrylamide (7.0 %) gel electrophoresis was performed with 20 nl of each 

sample and transferred to polyvinylidene floride membrane, Immobilon-P (Millipore 

Corp., Bedford, MA). Blots were stained with Ponceau S and when necessary, cut into 
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individual strips for analysis. Samples were probed for collagen I, collagen IV, 

flbronectin, laminin-1 and laminin-5. 

Proteins were detected using specific antibodies [1) rabbit anti-collagen I 

polyclonal (COLLI; abeam, UK) 1:7500, 2) mouse anti-collagen IV monoclonal (catalog 

# MAB1910; Chemicon, Temecula, CA) 1:10,000, 3) mouse anti-fibronectin monoclonal 

(clone FN-15; Sigma, St. Louis, MO) 1:10,000, 4) rabbit anti-laminin-1 polyclonal 

(product # L-9393; Sigma, St. Louis, MO) 1:7500, 5) mouse anti-laminin-5 p3 chain 

monoclonal (clone 17; Transduction Laboratories, Lexington, KY) 1:1500] and observed 

using SuperSignal® Substrate according to manufacturer's instructions (Pierce, 

Rockford, IL). Two secondary antibodies conjugated to horseradish peroxidase, rat anti-

mouse IgG (clone LO-MGl-2; Serotec, Raleigh, NC) 1:5000, and goat anti-rabbit IgG 

(product # A9169; Sigma, St. Louis, MO) 1:5000, were used. 

Protein standards consisted of human collagen 1, collagen FV, flbronectin, EHS 

Iaminin-1 (all from Becton Dickinson, San Jose, CA), and purified laminin-5. 

In Vivo 

Study design 

All animal studies were performed with protocols approved by the University of 

Arizona lACUC and according to the National Institutes of Health Guidelines for the 

Care and Use of Laboratory Animals (#85-23 Rev. 1985). Surgeries were performed as 

previously described by Salzmann et al. (Salzmann et al., 1997). Briefly, for each 

procedure the animals were anesthetized with an intraperitoneal injection of 50mg/kg 



117 

sodium pentobarbital prior to the surgery. EPTFE discs (punches from the tubular 

material taken with a 6mm biopsy punch) were implanted in a random order into the right 

and left epididymal fat pads and the right and left rear haunch subcutaneous tissues in a 

total of twenty-four, male Sprague-Dawely rats. Five weeks after implantation, the 

samples were removed and placed in Histochoice™ fixative (Amresco, Solon, OH). A 

total of four samples were implanted per animal with n= 4 for the RMVEC, HMVEC, 

A549, IM and Matrigel modified samples and n=8 for the 804-G, HaCaT and non-

modified samples. 

Histology and immunohistochemistty 

Tissue samples were dehydrated, embedded in parafTm, sectioned at 6^m and 

processed for histological and immunocytochemical evaluation. General histological 

structure was determined with hematoxylin and eosin staining. The vasculature was 

identified using the lectin, Griffonia simpiicifolia-1 (1:100, peroxidase conjugated lectin-

GS-1; EY Laboratories, San Mateo, CA). Samples were evaluated 

immunocytochemically for the presence of activated macrophages and monocytes using 

EDI antibody (1:100, monoclonal, mouse anti-rat EDI; Serotec, Inc., Raleigh, NC), 

followed by a peroxidase conjugated anti-mouse secondary antibody. EDI antibody 

recognizes a single chain glycoprotein of 90-100kD expressed by tissue macrophages in 

the rat and similar to CD68 in the human. Samples were reacted with 3, 3' 

diaminobenzidine (DAB) substrate for visualization. Methyl green staining was used to 

identify background nuclei following both immunocytochemical techniques. 
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Quantification 

Vessel density 

Vessel density was evaluated using the sections stained with GS-1 viewed under 

a 40x water-immersion objective lens. The number of cross sectional and longitudinal 

vessel profiles were counted in a total of 40 high powered fields per disc implant (HPF = 

54 X 54jun^). These HPF were randomly selected at the tissue-polymer interface, along 

the entire surface (10 from the concave and convex surfaces each) of the polymer. The 

criterion for a positive vessel were, 1) positive GSl reaction, 2) an identifiable lumen, 3) 

located within the designated HPF area. Two groups were evaluated, vessels within the 

tissue (n=20) and vessels within the polymer (n=20). Vessel density for each implant 

group was expressed as mean number of vessels/mm^ ± s.e.m. 

Inflammation 

Inflammatory response was evaluated using the sections stained with EDI viewed 

under a 40x water-immersion objective lens. Using a 54 x 54^m^ high power field, 20 

fields were randomly selected at the tissue-polymer interface, along the entire surface (10 

from the concave and convex surfaces each) of the polymer. EDI positively staining cells 

within the HPF in the tissue surrounding the material were counted. Inflammatory 

response for each implant group was expressed as mean number of EDI positive 

cells/mm^ ± s.e.m. 
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Statistics 

All statistical comparisons were completed using an ANOVA followed by 

Student-Newman-Keuls post-hoc analysis to determine which values were statistically 

different. DifTerences were considered statistically significant at p < 0.05. 
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Results 

Vascular response 

Statistical differences were observed in the angiogenic and neovascular responses 

between modification groups in both the adipose and subcutaneous tissue implant 

locations, hi the adipose tissue, the 804-G and II-4 modified samples showed statistically 

significant increases in the angiogenic response compared to the A549-modified group. 

The n-4 modification showed a statistically significant increased neovascular response 

compared to the RMVEC, HMVEC, A549, and non-modified groups (figiu*e 3.1). In the 

subcutaneous tissue, the 804-G and HaCaT modified samples showed statistically 

significant increased angiogenic responses compared to the A549-modified and non-

modified groups. The 804-G, HaCaT and II-4 modified samples showed statistically 

significant increases in the neovascular response compared to the non-modified group 

(figure 3.2). 

Inflammation 

EDI antibody was used to identify the activated macrophages and monocytes 

associated with implanted polymers. Only the HMVEC-modified samples had 

statistically increased EDI positive cell numbers compared with other modifications. In 

the adipose tissue, the HMVEC associated EDI positive cell response was statistically 

greater than the 11-4, A549, Matrigel and HaCaT modified groups (figure 3.3). In the 

subcutaneous tissue, the HMVEC-modified EDI positive cell response was statistically 

greater than A549, Matrigel and non-modified groups (figure 3.4). 
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Western blot analysis 

Samples of the various extracellular matrices were evaluated for the presence of 

various ECM proteins (figure 3.5). Fibronectin was detected in the extracellular matrix 

produced by the HMVEC and RMVEC cell lines. Laminin-5 was found to be commonly 

expressed by the 804-G, HaCaT, and 11-4 cell lines. The cell specific features as well as 

the tissue response to each modification are summarized and collated in Table 3.1. 

Briefly, of the cell line ECM modifications that stimulated statistically significant 

increases in either angiogenesis or neovascularization, the presence of laminin-5 was a 

common feature. The terms tumorigenic and vascular origin refer to properties of the cell 

lines. Tumorigenic cells will develop tumors when implanted into immune compromised 

mice. Cells of vascular origin endothelial cells isolated from blood vessels. 

Table 3.1 Summary of cell lines and tissue responses 

Modification Species Tumorigenic Vascular Inflam Vascular Major ECM 
origin matory* response* protein 

804-G Rat Yes No No Yes LnS" 
HaCaT Human No No No Yes Ln5^ 
HMVEC Human No Yes Yes No Fn^ 
RMVEC Rat No Yes No No Fn^ 
n-4 Human Yes No No Yes Ln5' 
A549 Human Yes No No No LnlO/11^ 

(Kikkawa, 1998) 

Matrigel Human No No No No Lnl^ 
(Kleininan. 1982) 

* Based on statistically significant increases compared to other modifications. 
^ Based on western blot analysis. 
* Based on reference. 



122 

Discussion 

Work by many groups has attempted to improve the vascularization of porous 

materials through relatively simple surface modifications of these materials using 

individual proteins known to be involved in the angiogenic process. These modifications 

often include the use of individual growth factors such as VEGF (Shireman et al., 

2000;Tassiopoulos et al., 2000), bFGF (Lindner et al., 1990;Wissink et al., 2000a), and 

aPGF (De Vos et al., 1997;Greisler et al., 1992b). However, the process of new vessel 

growth involves the coordinated interaction of numerous factors including growth factors 

(Carmeliet, 2000), cytokines (Pepper et al., 1996), matrix metalloproteinases (Pepper, 

2001), and extracellular matrix proteins (Ingber et al., 1989a). It is not known if improved 

vessel integration within porous polymers requires this complex environment, or if 

simple environment changes are sufficient to support the initial vessel integration, and 

vessel retention. The use of matrix proteins to modify polymers has generally been 

limited to cell transplantation applications involving endothelial cell seeding and sodding, 

and has not been directed at stimulating spontaneous endothelialization. The current 

study determined if cell mediated ECM modifications would provide the appropriate 

microenvironment required for stimulated angiogenesis and neovascularization 

associated with porous polymers used in the construction of various biomedical devices. 

Previous studies demonstrated increased angiogenesis and neovascularization 

associated with polymers modified with the extracellular matrix of a tumorgenic cell line. 

However, it was not clear if these observations were a result of the modification process, 

or if they were a due to the specific contents of the modification. Thus, the current study 
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evaluated the angiogenic and neovascular potential of cell-mediated ECM-modifications 

from several different cell lines. Common features between the cell lines that successfully 

stimulated angiogenesis and/or neovascularization associated with implanted polymers 

were then assessed. 

Tumorigenicity, species of origin, origination within the vasculature, and 

production of a laminin-1 or lO/l I were important characteristics inherent within the cell 

lines chosen. These characteristics were chosen for the following reasons. First, timiors 

are well known for their production of angiogenic factors (Folkman et al., 1992;Hanahan 

et al., 1996). The extracellular matrices produced by tumors are also influential in the 

angiogenic process (Giordano et al., 2001;Ingber et al., 1989a) and thus might be 

essential for the angiogenesis and neovascularization observed with the 804-G cell line. 

Second, the end goal of these experiments is to develop therapies for human applications. 

Thus it is desirable to work with human derived systems when possible. Human cell lines 

were included in this evaluation to determine if these cell lines produced the same tissue 

responses as similar rat cell lines. Third, endothelial cells normally have a stable 

existence in the vasculature. Thus, it is reasonable that endothelial cells would be able to 

re-create a microenvironment within polymers that is anti-apototic to endothelial cells 

and would provide stability for new vessel ingrowth. Fourth, MATRIGEL®, 

predominantly rich in laminin 1, has been demonstrated to support the formation of 

tubules from endothelial cells in vitro as well as vascular networks when implanted into 

mice (Garrido et al., 1995;Passaniti et al., 1992). However, laminin-1, originally thought 

to be the dominant laminin in adult tissues, is now thought to be dominant in developing 
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tissues and laminin-10/11 is speculated to be a major laminin in adult tissues (Kikkawa et 

al., 1998;Kikkawa et al., 2000;Kortesmaa et al., 2000). 

The data illustrate that not all the cell-mediated ECM modifications resulted in 

increased angiogenesis or neovascularization associated with the implanted polymers. 

Only to the ECM modifications originating fi*om the 804-G, HaCaT, and 11-4 cell lines 

led to statistical increases in the vascular response associated with the polymers for both 

the adipose and subcutaneous implant locations. When evaluating for common features 

between these cell lines that could be responsible for the increased vascularization, the 

presence of Iaminin-5 in the extracellular matrix produced by these cell lines was the only 

common feature observed (table 3.1). Neither the 804-G, HaCaT, or 0-4 cell line ECM 

modifications resulted in statistically increased inflanunatory responses associated with 

the implants. Only the HMVEC ECM-modification stimulated statistically increased 

inflammation for both tissue implant locations. Additionally, the 804-G, HaCaT, and II-4 

cell lines are rat tumorigenic, human non-tumorgenic, and human tumorigenic 

respectively. Thus, similarities in the tumorigenic nature or species of origin between 

these cell lines are likely not responsible for the observed vascular response. The 

presence of laminin-5 in the extracellular matrix produced by these cell lines is likely not 

the only feature these cell lines have in common. However, there does exist evidence in 

the literature supporting a possible role for laminin-5 in vascular biology (Kikkawa et al., 

1996; Wagner et al., 1997;Wagner et al., 2000). 

Laminin-5 has been studied predominantly with respect to epithelial cell biology. 

Laminin-5 has a known role in epithelial cell adhesion via the a3pi integrin and the 
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hemidesmosome using the a6p4 integrin (Jones et al., 1999). The a6p4 integrin has also 

been demonstrated in association with the vasculature, specifically the endothelial cells 

(Homan et al., 1998), but its function is not understood. Although bFGF, a known 

angiogenic factor, has been shown to increase the presence of the a6p4 integrin in the 

vasculature (Klein et al., 1993). This integrin is believed to preferentially bind laminin-5 

(Fujiwara et al., 2001;Kikkawa et al., 2000), indicating the presence and need for 

laminin-5 in the vasculature. Kikkawa et al. demonstrated laminin-5 to stimulate 

endothelial cell migration (Kikkawa et al., 1996). Additionally, laminin-5 and the a6p4 

integrin have been observed in the vasculature of the brain, associated with the blood 

brain barrier (Wagner et al., 1997). The observations made in the current study, combined 

with the information in the literature, have prompted further investigation into the 

importance of laminin-5 and the observed vascular response associated with porous 

polymers surface modified with ECM rich in laminin-5. 

In summary, the extracellular matrix of the 804-G, HaCaT, and 11-4 cell lines was 

demonstrated to stimulate angiogenesis and neovascularization associated with polymers 

implanted in adipose and subcutaneous tissues. Each of the matrices produced by these 

cell lines contain the protein laminin-5. Thus, further research into the potential 

involvement of laminin-5 in polymer associated extracellular matrix stimulated 

angiogenesis is relevant. 
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FIGURE 3.1. Histogram of angiogenesis and neovascularization associated with 
modified ePTFE implanted into the adipose tissue of the rat. Values expressed as mean 
number of vessels per mm^ ± SEM. # denotes significantly different from A549 
angiogenesis. * denotes significantly different from A549, HMVEC, RMVEC, and non-
modified neovascularization, p < 0.05. 
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FIGURE 3.2. Histogram of angiogenesis and neovascularization associated with 
modified ePTFE implanted into the subcutaneous tissue of the rat. Values expressed as 
mean niunber of vessels per mm^ ± SEM. # denotes significantly different from A549 
and non-modified angiogenesis. * denotes significantly different from non-modified 
neovascularization, p < 0.05. 
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FIGURE 3.3. Histogram of EDI positive cells associated with modified ePTFE 
implanted into the adipose tissue of the rat. Values expressed as mean number of cells per 
mm^ ± SEM. * denotes significantly different from F^TVEC, p < 0.05. 
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FIGURE 3.4. Histogram of EDI positive cells associated with modified ePTFE 
implanted into the subcutaneous tissue of the rat. Values expressed as mean number of 
cells per mm^ ± SEM. * denotes significantly different from HMVEC, p < 0.05. 
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FIGURE 3.5. Western blot probing for collagen I, collagen IV, fibronectin, laminin-1, 
and the P3 chain of laminin-5 in matrix collected from the HMVEC, RMVEC, A549, II-
4, 804-G, and HaCaT cell lines grown on ePTFE. SDS polyacrylamide gels (7%) under 
reducing conditions were loaded with equal concentrations of protein/lane. The 804-G, 
HaCaT, and II-4 cell lines probed positively for the presence of laminin-5 and HMVEC 
and RMVEC probed positively for fibronectin. Pure collagen I, collagen IV, fibronectin, 
laminin-1, and laminin-5 served as the protein standard. 
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4. CELL MEDIATED EXTRACELLULAR MATRDC MODIFICATIONS OF IMM 

VASCULAR GRAFTS PROMOTES ENDOTHELL\LIZATION 

Introduction 

Small diameter vascular grafts, < 6nim diameter, fail at a clinically unsatisfactory 

rate due to thrombus formation or intimal thickening. Due to the lack of suitable 

autologous small diameter vessels, there is a growing interest in the development of 

synthetic blood conduits comparable in ftinction to autologous vessels. Because un

modified synthetic materials like Dacron and ePTFE often elicit unfavorable tissue 

responses that result in decreased fvmction and duration, various studies have analyzed 

methods of improving these grafts. Previous studies have suggested that new vessel 

growth around and within porous, synthetic scaffolds improves long-term device function 

(Brauker et al., 1995;Clowes et al., 1986;De Vos et al., l997;Hunter et al., 1999;Updike 

et al., 2000). In the specific example of a vascular graft, stimulated angiogenesis and 

neovascularization is hypothesized to lead to endothelialization, the formation of an 

endothelial monolayer on the lumenal surface of the graft (Florey et al., 1962; Voider et 

al., 1974;Wesolowski et al., 1961). Endothelial cells are the only known blood 

compatible surface (Esquivel et al., 1986). Therefore, the development of an endothelial 

monolayer on the lumenal surface of synthetic vascular grafts would prevent thrombus 

formation and improve long term patency rates. 

Consequently, several approaches have been taken to achieve endothelialization 

of vascular grafts. Herring et al. first published the process of in vitro endothelialization 
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through "seeding" endothelial cells onto the lumenal surface of vascular grafts in 1978 

(Herring et al., 1978). Since that time, extensive studies have been performed in this field 

including the use of alternative endothelial cell sources (Williams et al., 1991), the use of 

various cell lines (Bhattacharya et al., 2000), different surface treatments to improve cell 

adherence (Koveker et al., 1991;Pratt et al., 1988;Williams et al., 1985;Wissink et al., 

2000a), and clinical studies (Deutsch et al., 1999). While seeding of synthetic vascular 

grafts with autologous endothelial cells prior to implantation would significantly improve 

small diameter vascular graft survival (Ortenwall et al., 1990;Williams, 1995;Zilla et al., 

1994), fiirther optimization is required (Imbert et al., 1998). Specifically, the source of 

autologous cells, the requirement for multiple surgical procedures, the efficiency of cell 

seeding, and the retention of cells with exposure to flow are aspects of in vitro 

endothelialization that are being improved (Budd et al., 1991;Deutsch et al., 

1999; Williams etal., 1994b; Williams, 1995). 

As an alternative to in vitro endothelialization, the in vivo formation of an 

endothelial cell monolayer on synthetic vascular grafts has been actively pursued. There 

are currently three major hypotheses describing the mechanism of in vivo 

endothelialization of vascular grafts: 1) pannus ingrowth (Clowes et al., 1985), 2) 

endothelial cell fall out (Shi et al., 1994), and 3) transmural endothelialization (Clowes et 

al., 1986). Each of these processes may lead to endothelialization of synthetic vascular 

grafts, and all are likely contributors. The interest of the current study is to promote 

transmural endothelialization through stimulated angiogenesis and neovascularization. 

Previous studies in this laboratory (Ahlswede et al., 1994) as well as work done by 
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Jeschke et al. (Jeschke et al., 1999), have demonstrated the absence of spontaneous 

formation of an endothelial cell monolayer on unmodified, small diameter ePTFE grafts 

implanted in the descending aorta of the rat. Thus, this small diameter model is suitable 

for testing the ability to promote transmural endothelialization in synthetic vascular 

grafts. 

Previous experiments have demonstrated the ability to promote angiogenesis and 

neovascularization associated with porous polymers using cell-mediated matrix 

deposition onto the polymer surface (Kidd et al., 2002). The purpose of the current study 

is to expand upon the previous studies and test for stimulated endothelialization in a flow 

model. Evaluations will compare the extracellular matrix of a tumorigenic and non-

tumorigenic version of the same cell line, both known to produce laminin-5. The 

hypothesis is that modification of ePTFE with insoluble extracellular matrix proteins will 

result in endothelialization of a Imm interpositional vascular graft. 
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Materials and Methods 

In vitro 

Cell culture and matrix deposition 

The HaCaT human squamous epithelial cell line was a generous gift from Dr. 

Norbert Fusenig; German Cancer Research Center. The II-4 cell line is a tumorigenic 

variant of the HaCaT cell line and was a generous gift from Dr. Norbert Fusenig; German 

Cancer Research Center. Cells were maintained in culture medium (Duibecco's Modified 

Eagle's Medium with high glucose, 10% fetal bovine serum, 2mM L-glutamine, and 

5mM HEPES buffer). Cells were collected for placement onto the ablumenal surface of 

ePTFE by treating them with trypsin (trypsin/EDTA) followed by suspension into culture 

medium. Cell attachment to ePTFE for subsequent growth and matrix deposition was 

performed as described previously (Ahlswede et al., 1994) with slight variations. Briefly, 

ePTFE (IMPRA, Inc., Tempe, AZ), Imm internal diameter, thin wall with 30 jmi 

intemodal distance was used. The ePTFE, secured to a 20-gauge feeding needle with a 2-

mm bulb and distal end tied off, was dipped into a cell suspension. The volume 

equivalent to 2 x 10^ cells/cm^ was then aspirated through the attached needle. Cells 

remained on the ablumenal surface of the ePTFE structure while the medium readily 

came through. Cells were allowed to mature in the presence of culture medium for 8 

days with medium changes every three days. Initial cell attachment experiments were 

performed to confirm the growth of cells on the ablumenal surface of the ePTFE (figure 

4.1). 
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Cell removal 

Cells were removed from the ePTFE through exposure to 40mM ammonium 

hydroxide for Ihr, with volume changes every 15 minutes to facilitate removal of lysed 

cells. Following cell removal, the ePTFE was rinsed four times with divalent-cation free 

phosphate buffered saline (DCF-PBS), pH 7.4. Cell coverage, and removal was evaluated 

by light microscopy [hematoxylin and eosin (H&E)]. 

In Vivo 

Graft implantation 

All animal studies were performed with protocols approved by the University of 

Arizona lACUC and according to the National bistitutes of Health Guidelines for the 

Care and Use of Laboratory Animals (#85-23 Rev. 1985). Male, Sprague-Dawley rats 

weighing between 250-300 grams were anesthetized and maintained using intraperitoneal 

injections of pentobarbital. Sterility was maintained and a warming pad was used 

throughout the procedure. The implant methods have been previously described 

(Ahlswede et al., 1994). Briefly, the descending aorta was dissected free of the inferior 

vena cava and surrounding tissues. Intravenous heparin was given and 1 cm length grafts 

were then implanted intrapositionaly into the rat, descending aorta using 10-0 nylon 

(Ethicon Co., Somerville, NJ). Following unclamping of the aorta, flow measurements 

were recorded and the incision closed. N=3 for each of the three groups - non-modified, 

HaCaT ECM-modifled, and 11-4 ECM-modified. 
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Flow measurements 

A 1.5mm transonic flow probe was placed around the aorta distal to the graft. 

Flows were monitored for 30 minutes after the aorta was undamped, and prior to explant 

using a T106 Transonic flow meter attached to a Gould SI00 amplifier. 

Graft removal 

Five weeks after implantation, samples were explanted following the methods 

previously described by Ahlswede and Williams (Ahlswede et al., 1994). Briefly, after 

induction of general anesthesia, the abdomen was opened for graft isolation, evaluation of 

graft patency and flow measurements. Subsequently, the graft was removed, cut 

longitudinally and samples placed in Histochoice™ or 3% glutaraldehyde for histological 

and scanning electron microscopy analysis respectively. 

Scanning electron microscopy 

Samples were prepared for scanning electron microscopy evaluation by 

dehydration in grades of acetone, critical point drying, and sputter coating using a gold 

target. The samples were evaluated and digital images obtained using a JOEL 820 

scanning electron microscope (JOEL USA, Peabody, MA). 

Histology 

Tissue samples were dehydrated, embedded in paraffin, sectioned at 6^m and 

processed for histological and cytochemical evaluation. General histological structure 

was determined with hematoxylin and eosin staining. The vasculature was identified 

using the lectin, Griffbnia simplicifolia-l (1:250, biotynylated lectin-GS-1; Vector 

Laboratories, Burlingame, CA). A peroxidase conjugated streptavidin kit (Dako Inc., 
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Carpinteria, CA) was used to detect binding. Samples were reacted with 3, 3' 

diaminobenzidine (DAB) substrate for visualization. Methyl green staining was used to 

identify background nuclei following cytochemical techniques. 

Vessel quantification 

Vascular density was evaluated using the sections stained with GS-1 viewed 

under a 40x water-immersion objective lens. The number of cross sectional and 

longitudinal vessel profiles were counted in a total of 20 high powered fields (HPF = 54 x 

54^m^). These HPF were randomly selected at the tissue-polymer interface, along the 

entire length of the ablumenal side. The criterion for a positive vessel were, 1) positive 

GSl reaction, 2) an identifiable lumen, 3) located within the designated HPF area. Vessel 

counts were grouped based on the location of the HPF area relative to the polymer. Two 

groups were evaluated, vessels within the tissue (n=lO) and vessels within the polymer 

(n=lO). Vessel density for each implant group was expressed as mean number of 

vessels/mm^ ± s.e.m. 

Statistical analysis 

All statistical comparisons were completed using an ANOVA followed by 

Student-Newman-Keuls post-hoc analysis. Statistical significance was set at p < 0.05. 
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Results 

ePTFE modification 

The HaCaT and II-4 cells attached to and grew on the ablumenal surface of the 

ePTFE forming a complete monolayer (figure 4.1). NH4OH thoroughly removed cells 

after eight days of growth with the extracellular matrix remaining on the ePTFE. 

Gross analysis 

All grafts were patent at the time of explant. No significant differences were 

observed between the ECM-modified samples and the non-modified group with respect 

to flow values, pre (HaCaT-modified - 8.1 ± .6 mls/min , II-4-modified - 6.5 ± 

1.5mls/min, non-modified - 8.8 ± .9mls/min) or post (HaCaT-modified - 6.1 ± 1.4 

mls/min, II-4 ECM-modified - 6.5 ± .7mls/min, non-modified- 7.5 ± .8 mls/min) explant. 

At explant a difference in the tissue responses to the three groups was apparent. 

The non-modified samples exhibited poor tissue incorporation (figure 4.2). However, 

both ECM-modified groups were extensively incorporated within the tissue. 

Additionally, blood vessels could be seen in the peri-implant tissue of the ECM-modified 

groups. 

Morphometric analysis 

Scanning Electron Microscopy (SEM) was used to evaluate the lumenal surface 

of explanted grafts. In the non-modified group, a paimus ingrowth existed at both 

anastomotic sites (figure 4.3, a-b). The mid-region of the graft, was coated with what 

appeared to be a fibrin/platelet mixture. The HaCaT-modified samples presented 

different responses on the lumen surfaces. Two samples exhibited a thick pannus 
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ingrowth with a thin layer in the mid region of the graft (figure 4.3, c-d). This layer was 

not the same type of fibrin/platelet mixture seen in the non-modified samples, however 

clear nuclei were not apparent. One HaCaT modified sample developed intimal 

thickening across the length of the graft (figure 4.4, b,e). The n-4-modified group 

presented a more consistent tissue response on the lumen. These samples lacked a clear 

distinction between the pannus ingrowth and the mid-graft layer (figure 4.3, e-f). The 

higher magnification SEM of the mid-graft displayed a cellular, cobblestone architecture 

representative of an endothelial monolayer. 

Histological and cytochemical evaluations of the lumenal surface of ePTFE 

samples confirmed the absence or presence of a cellular lining (figure 4.4). H&E 

revealed the absence of a cellular lining in the non-modified group. The HaCaT-modified 

group developed varied tissue responses on the lumens. Figure 4b presents the most 

proliferative response observed, resulting in intimal hyperplasia. The 11-4-modification 

resulted in the presence of nucleated cells across the graft lumen. 

The cellular linings were identified as endothelium using the lectin, GS-1 (figure 

4.4, d-f). Only the ECM-modified groups had endothelial layers, and only the II-4-

modified group produced a consistent, single cell monolayer on each implant. 

Ablumenal vessel density 

An evaluation of the vessel density on the ablumenal surface of the implants 

rendered differences between the samples (figure 4.4, g-i). The HaCaT and II-4 modified 

samples present disorganized capsules with increased vessel presence. Both modification 

types increased the angiogenic and neovascular responses (figure 4.5). However, 
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statistically significant increases were observed in the angiogenic response for the II-4-

modification only, and in the neovascularization for the HaCaT-modification only. 



141 

Discussion 

The establishment of an endothelial cell monolayer on the lumenal surface of 

synthetic blood conduits is hypothesized to decrease thrombus formation and intimal 

thickening (Chervu et al., 1990;Esquivel et al., 1986). The current study demonstrated 

the ability of a laminin-5 rich, extracellular matrix modification to promote the 

establishment of an endothelial monolayer on the lumenal surface of a 1mm ePTFE 

interpositional vascular graft. Previous studies in chapter 3 demonstrated that 

angiogenesis and neovascularization is associated with ePTFE discs modified with 

extracellular matrix from the HaCaT or Q-4 cell lines and implanted in subcutaneous and 

adipose tissues of rats. However, no determination with respect to endothelialization 

resulting from this favorable angiogenic and neovascular response could be made. Thus, 

the use of an interpositional ePTFE vascular graft was employed to evaluate for 

transmural endothelialization as a result of the matrix modification. 

Since Wesolowski et al. first documented the importance of porosity for improved 

synthetic vascular graft performance, it has been suggested that the endothelium that 

develops on the lumenal surface of synthetic grafts in animal models, transmural 

endothelialization, is derived from capillaries growing through the graft material fi*om the 

ablumenal surface (Florey et al., 1962;Voider et al., 1974;Wesolowski et al., 1961). 

Clowes et al. demonstrated the viability of this method of endothelialization by 

successfully tracing capillaries from the lumen of grafts through the graft and into the 

tissue surrounding the graft using a latex rubber fill (Clowes et al., 1986). It has been 

hypothesized that these vessels grow through the pores of the graft matrix, and upon 
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reaching the blood flow surface, establish an endothelial lining (figure 1.2). 

Unfortunately, successful transmural endothelialization with alterations in graft porosity 

alone does not translate to humans (Contreras et al., 2000;Kohler et al., l992;Massia et 

al., 2001). Consequently, additional angiogenic surface modifications are required to 

stimulate this new vessel ingrowth. In addition to transmural endothelialization, two other 

mechanisms of endothelialization in animal models have been demonstrated. These 

mechanisms are pannus ingrowth, the migration of endothelial cells inward across the 

anastomosis from the native vessel (Massia et al., 2001), and endothelial cell fall out, the 

deposition of circulating endothelial cells onto the lumenal surface of the synthetic vessel 

(Shietal., 1994). 

The biological approach to stimulating spontaneous endothelialization through a 

transmural mechanism began when the factors involved in the angiogenic process were 

better understood. In order for spontaneous endothelialization to occur, the events of 

angiogenesis must be stimulated. Thus, in the 1980's, growth factors like aFGF and 

ECGF were added to polymer ingrowth matrices like fibrin (Greisler et al., 1987;Greisler 

et al., 1992b). Then collagen, when used to impregnate gr^s rather than pre-clotting 

with fibrin, was demonstrated to increase new vessel ingrowth within the grafts (Noishiki 

et al., 1987). Thus, in the early I990's, the use of extracellular matrix to facilitate vessel 

ingrowth developed, but this often included the use of peptide sequences rather than full-

length proteins (Brandley et al., 1988;Massia et al., 1990;Massia et al., 1991). Peptide 

sequences could be covalently attached to surfaces and successfully provide specific 

cellular adhesion sites (Cima, 1994;Drumheller et al., 1994). However, the reductionist 
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approach to stimulating spontaneous endothelialization, such as use of a single growth 

factor or peptide sequence, should be reevaluated and possibly discontinued (Merzkirch 

et al., 2001). The angiogenic process is complex, including the combined interaction of 

multiple growth factors and extracellular matrix proteins (Carmeliet, 2000), as well as a 

geometric component to cell survival and differentiation (Chen et al., 1997;Dike et al., 

1999). Many of the inflammatory cells that respond to material implants release 

angiogenic factors, and thus incorporating these factors into grafts may be superfluous 

(Anderson, 1988;Sunderkotter et al., 1994). Furthermore, truncated or linear peptide 

sequences may lack the complexity for effective cell binding and signaling (Grant et al., 

1997b;Redick et al., 2000). An alternative approach to the use of individual growtli 

factors or peptide sequences is to combine multiple factors to recreate a 

microenvironment conducive to new vessel ingrowth in association with the polymer 

implant. 

In the current study, a cell-mediated mechanism of matrix deposition was utilized 

as an effort to reestablish a cellular microenvironment within the material. The HaCaT 

and n-4 cell lines were evaluated for their ability to produce a cell-mediated ECM 

modification on the surface of a vascular graft, potentially capable of stimulating 

endothelialization. Both cell lines produce a laminin-5 rich ECM, however, the II-4 cell 

line is a tumorigenic variant of the HaCaT cell line. The graft material used was 30^m 

intemodal ePTFE, commonly used in the construction of vascular grafts (Golden et al., 

1990). A 1mm interpositional implant model in the descending aorta of the rat facilitated 

evaluation of endothelialization in a graft under flow conditions. At the time of explant. 



144 

all grafts (modified and non-modified) remained patent, but the results varied with 

respect to thrombus formation and the cellular lining. The non-modified samples 

demonstrated both thrombus formation and fibrin and platelet deposition on the lumenal 

surface that did not result in graft occlusion. The II-4-modification promoted the 

formation of an endothelial cell monolayer on each sample. The HaCaT-modification 

resulted in variable responses ranging from the absence of a cellular lining to intimal 

thickening. The varied limienal responses associated with the HaCaT ECM-modification 

possibly indicate a lack of cellular regulation on this surface, whereas the 11-4 ECM-

modification resulted in a stable environment for the endothelium. Additionally, the II-4 

cell line is a tumorigenic cell line that may produce additional factors that positively 

affect endothelial cell stability. Furthermore, the II-4 cell line produces a higher 

concentration of laminin-5 than the HaCaT cell line (data not shown). It is therefore 

plausible that there is a mechanism requiring a specific ECM concentration necessary for 

stable endothelial monolayer formation. The 11-4 cell line might produce a concentration 

most similar to that required by endothelium in vivo. 

In order to evaluate the implants for evidence of transmural endothelialization as 

well as possible discrepancies between the two ECM modifications, angiogenic and 

neovascular vessel counts were collected fi-om each of the samples. The use of a non-

tumorigenic and tumorigenic variant of the same cell line enabled comparisons between 

the two ECM microenvironments for different angiogenic and neovascular potentials. 

The HaCaT and 11-4 ECM modifications both illustrated elevated angiogenesis and 

neovascularization. However, only the II-4-modification had statistically increased 
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angiogenesis, and only the HaCaT-modification had statistically increased 

neovascularization. The fact that both the HaCaT and II-4 ECM-modifications resulted in 

increased angiogenesis and neovascularization may indicate that tumorigenicity does not 

influence the angiogenic potential of these matrices. Rather, the common presence of the 

ECM protein iaminin-5 may contribute to the angiogenic and neovascular response, and 

the tumorigenic 11-4 cell line may promote additional factors that stabilize the endothelial 

cell lining on the lumenal surface subsequent to new vessel growth. Alternatively, the 

tumorigenic cell line might, in an ECM concentration dependent manner, afiTect the 

stability of the endothelial cell lining that develops subsequent to the new vessel 

ingrowth. Although both matrices contain laminin-5 in its processed form, the 11-4 

matrix may produce a laminin-5 concentration more conducive to the stabilization of an 

endothelial monolayer. Furthermore, the increased angiogenesis and neovascularization 

associated with both ECM-modified samples supports the hypothesis that transmural 

endothelialization is a method of endothelialization of these grafts. However, pannus 

ingrowth and endothelial cell fall-out cannot be eliminated as mechanisms contributing to 

endothelialization, although, it is unlikely that pannus ingrowth and endothelial cell fall

out are solely responsible for endothelialization. These responses both originate from the 

lumen of the graft and the ECM modification is predominantly on the ablumenal surface 

of the graft, which is where transmural endothelialization originates. 

In summary, the HaCaT and 11-4 cell lines can be used to successfully deposit a 

laminin-5 rich extracellular matrix onto 1mm ePTFE. While both ECM-modifications 

result in altered lumenal linings compared to non-modified ePTFE, only the II-4 
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modification resulted in the consistent formation of an endothelial cell monolayer. This 

response likely develops from the initial stimulation of an increased angiogenic response 

followed by the growth of new vessels within the pores of the polymer to the lumen of 

the graft with the subsequent migration of endothelial cells onto the lumen. This data 

supports the hypothesis that modification of ePTFE with insoluble extracellular matrix 

proteins supports transmural endothelialization of porous vascular grafts following 

implantation as an interpositional conduit. 
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FIGURE 4.1. Light micrograph demonstrating cell growth on the ablumenal surface of 
1mm ePTFE. Hematoxylin and eosin stained section of thin wall, 1mm ePTFE following 
eight days of HaCaT cell growth. Arrows indicate layer of cell growth on the surface of 
the polymer. 
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FIGURE 4.2. Gross histology of I mm vascular grafts at explant. Non-modified (a), 
HaCaT-modified (b), and 11-4 modified (c) interpositional vascular grafts in the 
descending aorta of the rat following S week implant period. Increased vessel growth is 
observed in association with the modified groups. 
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FIGURE 4.3. Scanning electron micrographs of the lumenal surface of 1mm vascular 
grafts. Non-modified (a-b), HaCaT-modified (c-d), and n-4-modified (e-f) samples at 
12x (a, c, e) and l,200x (b, d, f) magnification. Bar = I mm and lO^m respectively. 
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FIGURE 4.4. Light micrographs of hematoxylin and eosin-stained (a-c) and GS 1 positive 
(d-i) cross-sections of 1mm vascular graft implants in the rat. Non-modified (a, d, g), 
HaCaT-modified (b, c, h), and n-4-modified (c, f, i) samples showing variations in the 
lumenal linings (a-f) and ablumenal tissue response (g-i). 
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FIGURE 4.5. Histogram of the angiogenesis and neovascularization associated with 1mm 
vascular graft implants in the rat. Values expressed as mean number of vessels per mm^ ± 
SEM. * denotes significantly different from Non-modified, p < 0.05. 
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5. ANGIOGENESIS AND NEOVASCULARIZATION ASSOCIATED WITH 

CONDITIONED MEDIUM MODIFIED EPTFE AND CELL MEDIATED 

EXTRACELLULAR MATRDC MODIFIED EPTFE. 

Introduction 

The promotion of new vessel ingrowth within porous materials used in the 

construction of biomedical implant devices is hypothesized to improve the long-term 

performance of such devices (Brauker et al., 1995;Clowes et al., 1986;De Vos et al., 

1997;Hunter et al., 1999;Updike et al., 2000). Previous studies have demonstrated that a 

cell-mediated mechanism can be used to deposit extracellular matrix proteins onto the 

surface of ePTFE, a material commonly used in the construction of biomedical implant 

devices (Kidd et al., 2002). Furthermore, modification of ePTFE with a lamimn-5 rich 

ECM results in the successful stimulation of angiogenesis, neovascularization, and 

endothelialization (chapters 3 and 4). Laminin-5, however, has not been demonstrated to 

be a required component of the cell-mediated ECM necessary for the stimulation of such 

vascular responses. 

The cell-mediated process is unique in that it ensures a normal physiological 

distribution of ECM proteins and effectively recreates the extracellular enviroiunent on 

and within the ePTFE. Unfortunately, this type of modification does not translate easily 

to the clinical setting, and because of the complexity of a complete matrix, identifying the 

importance of a single protein, such as laminin-5, is inherently difficult. For example, any 

disruption of the matrix structure, which might occur in an attempt to remove a single 
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protein, would create an additional variable complicating the evaluation. Antibodies that 

specifically inhibit the function of ECM proteins, including laminin-5, do exist, however, 

their use in a five-week in vivo experiment would be difficult. It is therefore of interest 

to identify an alternative source of laminin-5 rich ECM that would facilitate the 

manipulation of individual proteins and possibly translate to clinical applications. 

Laminin-5 is a protein known to be secreted by cells as both a soluble component 

of the surrounding growth medium, as well as an insoluble structural component of the 

extracellular matrix (Hormia et al., 1995;Quaranta et al., 1997). Thus, the use of a 

conditioned medium might facilitate the selective removal of individual proteins, such as 

laminin-5, and potentially enable even deposition of protein across the surface of the 

ePTFE. 

The goal of the current study is to determine if a laminin-5 rich conditioned 

medium can be used to deposit protein onto the surface of ePTFE, and to compare this 

modification type in vivo to the cell-mediated deposition of a laminin-5 rich ECM. The 

hypothesis is that conditioned medium can be used to modify ePTFE with soluble 

laminin-5 to promote endothelial cell attachment in vitro as well as angiogenesis and 

neovascularization in vivo. 
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Materials and Methods 

In Vitro 

Cell culture 

The HaCaT and 11-4 cell lines were maintained in culture medium (Dulbecco's 

Modified Eagle's Medium with high glucose, 10% fetal bovine serum, 2mM L-

glutamine, and 5mM HEPES buffer). Cells at 70% confluence were rinsed with di-cation 

free phosphate buffered saline (DCF-PBS), pH 7.4, and placed in serum free medium for 

48hrs prior to collection of conditioned medium. Collected conditioned medium was 

centrifliged at 750g for 5 min to remove debris prior to coating procedure. 

Human microvessel endothelial cells (HMVEC) were isolated from human 

liposuction fat as previously described (Williams et al., 1994a). Cells were maintained in 

culture medium (Medium 199, 10% fetal bovine serum, 60ng/ml crude endothelial cell 

growth factor (ECGS), 2mM L-glutamine, and 5mM HEPES buffer) and used between 

passage-2 and passage-5. 

Surface modification 

In preparation for modification of ePTFE with conditioned medium, the air was 

removed from the interstices of the material using successive ethanol submersions 

starting at 100% and decreasing by 10% increments to deionized water over 20min. 

intervals. This process is referred to as denucleation (Boswell et al., 1999) and results in 

the removal of air and the production of a graft with decreased surface tension. 

Following denucleation, ePTFE discs were placed in DCF-PBS for Ihour prior to the 

bioreactor procedure. 
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For the coating procedure, tubular ePTFE, with the distal end capped, was placed 

within a bioreactor (figure 5.1). Approximately, 55 mis of HaCaT conditioned medium 

was pumped through the tubular ePTFE at 15mls/min. for either 1, 3, 6, or 12 hours. 1-

hour flow regimens were used for the performance evaluations with both HaCaT and II-4 

conditioned mediums. Human serum diluted 1:6 with DCF-PBS, pH 7.4, was used as a 

control modification of ePTFE, for the HMVEC adhesion studies. Off-the-shelf samples 

were pre-coated with the human serum using a syringe with the distal end occluded and 

4x's the lumen volume, Ihr prior to adhesion. 

In order to optimize use of the bioreactors and conditioned medium, the ability to 

modify two tubes in series within the same bioreactor was evaluated. These tubes are 

referred to as the proximal (upper) and distal (lower) tubes. Additionally, samples were 

treated with EDTA to determine if calcium was required for laminin-5 deposition onto 

ePTFE. Samples were placed in a 4mM EDTA bath for 24 h with gentle agitation prior to 

protein collection. 

The cell-mediated deposition of ECM onto ePTFE was performed as previously 

described (Chapter 3-cell culture and sodding technique, cell removal). Samples 

modified using the cell-mediated process were referred to as the ECM-modification. 

Samples modified using the conditioned medium and bioreactor modification were 

referred to as the Med-modification. 

Western blot 

Deposition of iaminin-5 onto ePTFE at the four time points of conditioned 

medium flow in the bioreactor system was evaluated using westem blot analysis. Protein 
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deposited onto the ePTFE was collected by gently agitating the ePTFE samples 

submerged in 500 ^1 of Laemmli SDS sample buffer and 10% 2-mercaptoethanol at 37°C 

for 24h. SDS polyacrylamide (7.0 %) gel electrophoresis was performed on 20 ^il of each 

protein sample. The gel was then transferred to a polyvinylidene fluoride membrane 

(PVDF), Immobilon-P (Millipore Corp., Bedford, MA). Blots were probed for the P3 

chain of Laminin-5 using mouse anti-laminin-5 P3 chain monoclonal (1:1500, clone 17; 

Transduction Laboratories, Lexington, KY), secondary antibody conjugated to 

horseradish peroxidase, rat anti-mouse IgG (1:5000, clone LO-MGl-2; Serotec, Raleigh, 

NC), and observed using SuperSignal® Substrate according to manufacturer's 

instructions (Pierce, Rockford, IL). 

Cell adhesion to ePTFE 

Confluent monolayers of HMVEC were prepared for attachment studies by 

treatment with 5mM EDTA in DMEM at 37°C. After 20 min, suspended cells were 

collected into serum free medium (Ml99) containing 0.1%BSA, 2mM L-glutamine, and 

5mM HEPES buffer. The cells were sodded at a density of 2 x lO^cells/cm^ as described 

previously (Williams et al., 1991). Briefly, cells were pressure sodded onto the lumenal 

surface of each ePTFE tube and allowed to adhere for Ihour while rotating in an 

incubator set at 37°C and 5%C02. Following this incubation period, ePTFE samples 

were collected and placed in formalin fixative. 

Cell quantification 

Adherent cells were labeled with the DNA intercalater, Bisbinzamide (BBI), 

which fluoresces under UV light. Each sample was visualized using epi-fluorescence 
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under a lOx objective using a UV filter. Five high powered fields were randomly 

selected and images were captured into a computer based morphmetric system 

(Metamorph Imaging Systems Software; Universal Imaging Corporation, West Chester, 

PA) where the cellular density was calculated based on a threshold analysis. 

In Vivo 

Study design 

All animal studies were performed with protocols approved by the University of 

Arizona lACUC and according to the National Institutes of Health Guidelines for the 

Care and Use of Laboratory Animals (#85-23 Rev. 1985). Surgeries were performed as 

previously described by Salzmann et al.(Salzmann et al., 1997) For each procedure the 

animals were anesthetized with an intraperitoneal injection of 50 mg/kg sodium 

pentobarbital prior to the surgery. EPTFE discs (punches from the tubular material taken 

with a 6mm biopsy punch) were implanted into the right and left epididymal fat pads and 

the right and left rear haunch subcutaneous tissue in a total of ten, male Sprague-Dawely 

rats. Five weeks after implantation, the samples were removed and placed in 

Histochoice™ fixative (Amresco, Solon, OH). Samples consisted of either HaCaT ECM, 

HaCaT Med, II-4 ECM, II-4 Med -modified or non-modified ePTFE implanted in a 

random order with a total of four samples per animal (n=4/group). For the encapsulation 

evaluation, the term ablumen refers to the outer curve (convex surface) of the ePTFE disc 

and lumen refers to the inner curve (concave surface) of the ePTFE disc. 
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Histology and immunohistochemistry 

Tissue samples were dehydrated, embedded in paraffin, sectioned at 6^m and 

processed for histological and inmiunocytochemical evaluation. General histological 

structure was determined with hematoxylin and eosin staining. The vasculature was 

identified using the lectin, Griffonia simplicifolia-l (biotinylated lectin-GS-1, 1:250; 

Vector Laboratories, Burlingame, Ca). A peroxidase conjugated streptavidin kit (Dako 

Inc., Carpinteria, Ca) was used to detect binding. Samples were evaluated 

immunocytochemically for the presence of activated macrophages and monocytes using 

EDI antibody (biotin- monoclonal, 1:100; Serotec, Inc., Raleigh, NC), followed by a 

peroxidase conjugated anti-mouse secondary antibody. EDI antibody recognizes a single 

chain glycoprotein of 90-100kD expressed by tissue macrophages in the rat and similar to 

CD68 in the human. Samples were reacted with 3, 3' diaminobenzidine (DAB) substrate 

for visualization. Methyl green staining was used to identify background nuclei following 

both immunocytochemical techniques. 

Tissue encapsulation evaluation 

Five random images were captured at either the lumenal or ablumenal edge of the 

polymer firom each H&E stained section using a 20x objective and a sony catseye 

camera. These images were categorized based on their position relative to the ePTFE disc 

(lumenal, ablumenal, edge or mid-disc) as well as capsule tissue type (fibrous or cellular 

capsule). Using a computer based morphmetric system (Metamorph Imaging Systems 

Software; Universal Imaging Corporation, West Chester, PA) three measurements of the 

capsule thickness were taken fi'om each image, totaling fifteen measurements per sample 
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(five images per sample, three measurements per image). Values were expressed as mean 

thickness nm± s.e.m. 

Determination of vessel type distribution 

Six random images of the GSl stained sections were captiu-ed and evaluated 

morphometrically. For every image, a 120x120 um^ area of tissue at the tissue-material 

interface was randomly selected. The diameter of each vessel within this area was 

measured. A vessel having a diameter of <10um was classified as a capillary. All 

vessels with diameters >10 um were classified as either arterial or venous based on wall 

thickness. 

Quantification 

Vessel density 

Vascular density was evaluated using the sections stained with GS-I viewed 

under a 40x water-immersion objective lens. The number of cross sectional and 

longitudinal vessel profiles were counted per high powered fields (HPF = 54 x 54|im^). 

The criterion for a positive vessel were, 1) positive GSl reaction, 2) an identifiable 

lumen, 3) located within the designated HPF area. Two methods were used to quantify 

the vascular response in this chapter. The first evaluation consisted of quantification of 

the angiogenic and neovascular vessels with 20 HPF per sample, per designation. No 

distinction was made between the lumen or ablumen, except when the HPF were 

identified (10 fields from each side of the implant). These HPF were randomly selected 

at the tissue-polymer interface, along the entire surface of the polymer. The second 
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evaluation was performed in order to determine if the conditioned medium modification 

possibly altered the neovascularization across the entire width of the ePTFE. Fields were 

identified at 6 consistent depths across the width of the polymer and 10 randomly 

selected locations across the length of the polymer. The fields spanning the width of the 

polymer have been assigned a numerical value and are presented in figure 5.6. Vessel 

density for each implant group was expressed as mean number of vessels/mm^ ± s.e.m. 

Inflammation 

Inflammatory response was evaluated using the sections stained with EDI viewed 

under a 40x water-immersion objective lens. Using a 54 x 54^m^ high power field, 20 

fields were randomly selected at the tissue-polymer interface, within the ablumenal 

(n=10) and lumenal (n=10) tissue surrounding the polymer (counts were totaled 

together). EDI positively staining cells within the HPF in the tissue surrounding the 

material were counted. Inflanmiatory response for each implant group was expressed as 

mean number of EDI positive cells/mm^ ± s.e.m. 

Statistics 

All statistical comparisons were completed using an ANOVA followed by 

Student-Newman-Keuls post-hoc analysis. Differences were considered statistically 

significant at p < 0.05. 
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Results 

Protein deposition 

Western blot analysis demonstrated that laminin-5 protein was deposited equally 

along the length of the ePTFE tubes (proximal and distal pieces). In addition, the 1,3, 6, 

and 12-hour time points all had comparable laminin-5 deposition (figure 5.2). 

Consequently, all remaining studies were performed using the one-hour flow regimen. 

Furthermore, sequestration of calcium by EDTA did not result in removal laminin-5 from 

ePTFE as determined by the presence of laminin-5 on ePTFE following submersion in a 

4mM EDTA solution. 

Cell adhesion 

The HaCaT and 11-4 conditioned medium modiflcations of ePTFE resulted in 

statistically increased HMVEC adhesion to the ePTFE surface compared to non-modified 

ePTFE (figure 5.3). Furthermore, HMVEC adhesion to the HaCaT medium group was 

statistically increased adhesion compared to the II-4 medium group. 

Vessel density 

In the adipose tissue the conditioned medium samples demonstrated greater 

vascularization compared to the cell-mediated groups. The HaCaT medium group had 

statistically increased angiogenesis and neovascularization compared to the non-modified 

group. The II-4 medium group had statistically increased neovascularization compared to 

the non-modified group (figure 5.4). 

In the subcutaneous tissue the angiogenic and neovascular responses were more 

consistent amongst the modifications. The conditioned medium and cell-mediated 
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modifications resulted in statistically increased angiogenesis compared to the non-

modified group. However, only the conditioned medium modifications resulted in 

statistically increased neovascularization compared to the non-modified group (figure 

5.5). 

A second evaluation was performed on the vessel density in order to determine if 

the conditioned medium modification stimulated greater neovascularization across the 

ePTFE samples. The conditioned medium modifications demonstrated increased 

neovascularization across this width of the ePTFE, however, this increase was not 

statistically significant (figure 5.6). No additional statistical differences were observed to 

those in figures 5.4 and 5.5 for both the adipose and subcutaneous tissue implant sites. 

An evaluation of the distribution of vessel types was performed in order to 

identify potential distinctions between the vascular architecture, or types of vessels that 

preferential develop in response to the modifications. The results are presented as the 

relative percentage based on the mean number of capillaries, arterioles, and venules per 

field (table 5.1). These counts were derived fi-om the 120xl20nm^ fields vs. the 

54x54nm^ used for the vessel density evaluation. Statistically significant differences 

existed only between the subcutaneous samples where all of the modified samples had 

signiflcantly increased numbers of capillaries compared to the non-modified samples per 

field. However, although there was no statistical difference between the mean values, the 

relative percentage of venules and capillaries associated with the cell-mediated 

modifications in the adipose tissue were decreased and increased respectively compared 

to the conditioned medium and non-modified samples. 
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Table 5.1. Relative percent vessel type distribution surrounding ePTFE implants ± SEM. 

Sample Adipose Subcutaneous 
Art Cap Ven Art Cap Ven 

HaCaTECM 2.9±1.I 87.9±5.4 9.2±1.9 4.7±1.0 73.4±13.1^ 21.9±5.3 
HaCaTMed 6.2±1.2 79.5±4.9 14.3±3.6 6.6±1.5 80.6±3.8 ^ I2.8±2.8 
II-4 ECM 1.4±0.7 92.1±2.8 6.4±2.1 1.5±0.9 81.2±12.l^ 17.3±5.4 
II-4 Med 4.6±l.9 80.9±10.I 14.5±7.5 2.4±1.8 78.3±7.4 ^ 19.3±8.8 
Non-modified 4.8±0.9 76.8±9.5 18.4±6.2 2.2±1.2 86.0±17.6 1I.8±3.7 
Control tissue 3.3 90.0 6.7 17.9 66.7 15.4 

* Mean value significantly different fi*om Non-modified, p < 0.05. 

Inflammatory response 

No significant differences in the inflammatory responses, based on positive EDI 

antibody reactivity, were found between any of the implant groups in either the adipose 

(figure 5.8) or subcutaneous (figure 5.9) tissues. In the subcutaneous tissue, implants 

have elevated inflammation associated with the modification groups, however no 

statistical significance was observed. 

Tissue encapsulation 

The results of the tissue encapsulation evaluation are presented in table 5.2 as the 

mean capsule thickness and the percent of the capsules classified as either cellular in 

nature or fibrous. The statistical evaluation was performed within the ablumen and 

lumen within each tissue type, not between them. 

In the adipose tissue, no significant differences were observed between the 

capsule thicknesses for any of the groups (non-modified, cell-mediated, or conditioned 

medium modifications) (figure 5.10). The subcutaneous tissue did demonstrate 

significant variations in the capsule thickness. On the ablumenal surface, each of the 
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modified groups produced a significantly thicker capsule compared to the non-modified 

group (figure 5.11). On the lumenal surface, the non-modified capsule was significantly 

thinner than the 11-4 medium and HaCaT cell-mediated groups. 

Additionally, there was a shift in the capsule consistency fi-om a fibrous capsule to 

a cellular one, particularly with the medium modifications on the ablumenal surface in 

the subcutaneous and adipose tissue. In the subcutaneous tissue, this trend was present on 

the lumen as well. 

Table 5.2 Tissue capsule thickness expressed as mean thickness in ^im ±s.e.m. 

Adipose Subcutaneous 
Surface Thickness % Cellular Thickness % Cellular 

Non-modified Ablumenal 104±23 9 45±2 0 
Lumenal 136±39 56 115±16 0 

HaCaTECM Ablumenal 60±9 22 84±16^ 0 
Lumenal 97±27 100 206±29* 10 

HaCaTMed Ablumenal 74±13 36 89±12^ 40 
Lumenal 107±28 58 188±29 70 

II-4 ECM Ablumenal 99±12 10 86±6' 20 
Lumenal 131±29 50 175±21 20 

n-4 Med Ablumenal 90±11 45 104±8^ 30 
Lumenal 123±24 44 249±16' 66 

^ Significantly different from Non-modified ablumenal thickness 
* Significantly different from Non-modified lumenal thickness 
P < 0.05. 
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Discussion 

Previous studies have demonstrated that angiogenesis and neovascularization 

associated with porous polymers could be stimulated using a cell-mediated extracellular 

matrix deposition (Kidd et al., 2002). Additionally, studies performed in chapter 2 

demonstrated that these angiogenic and neovascular responses were specific to ECM 

modifications that included Iaminin-5. The current study demonstrated that a laminin-5 

rich conditioned medium could be used to deposit laminin-5 onto the surface of ePTFE. 

Additionally, this type of ePTFE modification resulted in significantly increased 

HMVEC adhesion in vitro and significantly increased angiogenesis and 

neovascularization in vivo compared to non-modified ePTFE. The ability to use a 

conditioned medium for laminin-5 rich ECM deposition onto ePTFE was desired for two 

reasons: 1) The use of conditioned medium would facilitate the removal of individual 

proteins, such as laminin-5, from the medium. This would allow determination of the 

importance of individual proteins in the angiogenic process, and 2) The use of 

conditioned medium to modify ePTFE may translate to clinical uses. 

Before switching to conditioned medium as the source of laminin-5, the tissue and 

vascular responses associated with this modification required assessment. This ensured 

that the same tissue responses would be stimulated and could be studied in future 

experiments. The hypothesis was that laminin-5 conditioned medium could be used to 

modify ePTFE with soluble laminin-5 to promote endothelial cell attachment in vitro and 

angiogenesis and neovascularization in vivo. 
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In Vitro 

Conditioned medium modification resulted in successful deposition of laminin-5 

onto the surface of ePTFE. In an effort to determine how this Iaminin-5 might be 

assembled on the polymer surface, samples were pre-soaked with EDTA prior to protein 

collection. Work by Yurchenco et al. has shown that several members of the laminin 

family undergo a calcium dependent polymerization via globular domain IV on each of 

their three chains to form a network (Yurchenco et al., 1985). This is a reversible 

process, and laminins-2 and -4 can easily be extracted from tissues using chelating agents 

such as EDTA. Laminin-5 has a single chain that contains domain IV, and while 

polymerization has been hypothesized for laminin-5, it has not been demonstrated 

(Champliaud et al., 1996;Yurchenco et al., 1993). It was found that presoaking HaCaT 

conditioned medium-modified ePTFE in EDTA prior to protein collection did not affect 

the amount of laminin-5 collected, and thus did not release laminin-5 from the surface. 

Additionally, lamimn-5 deposition occurred early, with a similar quantity of laminin-5 

deposited at both the I hr and 12 hr time points. Because this deposition did not 

incrementally increase or decrease over time, laminin-5 deposition did not appear to 

follow the Vroman effect, where initial protein deposition is dependent on concentration, 

but then replaced over time by the other proteins in the solution (Vroman et al., 1980). 

However, laminin-5 could be deposited subsequent to other proteins of higher 

concentrations initially deposited on the ePTFE. In this case, the one-hour time point 

might be too late to assess this phenomenon. 
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The conditioned medium-modification promoted increased HMVEC adhesion to 

the ePTFE compared to non-modified ePTFE. It is interesting that HMVEC adhesion was 

greater on HaCaT medium modified ePTFE than 11-4 medium modified ePTFE. There 

are several possible reasons that could explain this observation. The HaCaT cell line 

might produce a laminin-5 concentration more suitable to promoting HMVEC adhesion 

than the II-4 cell line. Additionally, the HaCaT and II-4 cell lines may produce different 

ECM proteins, or the same proteins at different concentrations, affecting HMVEC 

adhesion onto ePTFE. 

Vessel density 

Both the HaCaT and II-4 conditioned medium modifications of ePTFE resulted in 

new vessel growth associated with the polymer implants. However, there were slight 

differences between the two conditioned medium modifications with respect to the 

angiogenic and neovascular responses. Specifically, in the adipose tissue, the II-4 

medium modification did not significantly increase the angiogenic response associated 

with ePTFE. 

Additionally, there were differences in the angiogenic and neovascular responses 

between the cell-mediated and conditioned medium modification types. In the adipose 

tissue, the medium modifications stimulated statistically significant increases in the 

angiogenic and neovascular responses compared to the non-modified group, whereas the 

cell-mediated modifications did not stimulate a statistical increase. In the subcutaneous 

tissue, similar differences were observed between the cell-mediated and conditioned 

medium modifications, but only with respect to neovascularization. Both modification 
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types significantly increased angiogenesis in the subcutaneous tissue. Additionally, the 

conditioned medium groups had increased neovascularization across the width of the 

ePTFE, but no statistical differences were observed. Many factors may contribute to the 

differences between the two modification types. First, in the adipose tissue, non-modified 

samples stimulate a greater vascular response than in the subcutaneous tissue. Thus, 

differences in vascular responses might be more difficult to detect in adipose tissue. 

Second, the conditioned medium samples might be coated with iaminin-5, or other 

pertinent angiogenic factors, more efficiently when compared to a cell-mediated 

mechanism where cells remain predominantly on the polymer surface. Third, the sample 

size might not be sufficient (n=4) to reveal statistical differences between the cell-

mediated and non-modified groups. Nevertheless, while a difference between the 

angiogenic and neovascular potential for the two modifications existed, overall, the 

conditioned medium modification stimulated a greater vascular response. It can therefore 

be concluded that this modification type is not only the desired method, but it is also 

viable. 

The evaluation of the vessel type distribution was also performed, and is a 

significant aspect of the comparison between these two modification types. Tissues in the 

body have a microcirculation that is specifically designed to the needs of those tissues. 

For example, the microvasculature in the myocardium is predominantly capillary in 

nature to allow for efficient exchange of nutrients. This contrasts with the epicardium, 

where there is an increased density of venules to facilitate the drainage of blood away 

from the cardiac muscle. The exact mechanisms that regulate the development of these 
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different vascular beds are not well understood. In relation to this study, if the cell-

mediated and conditioned medium modifications stimulate the development of different 

microvascular networks, this would indicate that the cell-mediated and medium 

modification methods do not stimulate the same vascular responses and are therefore 

different beyond their insoluble or soluble character. With this in mind, the distributions 

of arterioles, capillaries, and venules were evaluated in the two tissue implant locations. 

Statistical evaluations were performed first on the mean values of each vessel type, and 

then the relative distribution (percentage) of the vessel types for each of the modification 

groups were compared. In both tissues, analysis of mean values showed that the vascular 

beds consisted predominantly of capillaries. In the subcutaneous tissue only, the modified 

groups revealed statistical increases in the number of capillaries compared to the non-

modified group. This may indicate that the increased angiogenesis associated with these 

modifications is the result of increased capillary density. 

When the relative percentages of the arterioles, capillaries, and venules were 

compared, differences were noted between the modification types in the adipose tissue, 

but not the subcutaneous tissue. In the adipose tissue, the cell-mediated modifications had 

vessel type distributions that were similar to that of native adipose tissue, with a high 

percentage of capillaries and a low percentage of venules. The medium modified and 

non-modified groups had elevated percentages of venules and decreased percentages of 

capillaries compared to native adipose tissue. Thus, the mean number of vessels within a 

vessel type (capillary, arteriole, venule) was not different between modification types in 

adipose tissue, but the vessel type distributions were different between the cell mediated 
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and medium modification types. In the subcutaneous tissue, all modification groups had 

similar increases in the percentage of capillaries and similar decreases in the percentage 

of arterioles when compared to native tissue. Because of this similarity, no differences in 

vessel type distribution were noted between modification types in the subcutaneous 

tissue. Therefore, in this study, differences were observed in the relative percentage of 

vessels associated with the various modifications in the adipose tissue only, and these 

differences caimot solely be attributed to the modification method, but, based on the 

results, depend on the implant location as well. 

Inflammatory response 

Inflammation is known to contribute to the highly angiogenic nature of 

granulation tissue (Polverini, 1996a). Chronic inflammation is often observed with 

biomedical implants and is as a deterrent to tissue integration and the proper performance 

of porous polymers (Anderson, 1988). Consequently, an evaluation of the inflammatory 

response was pertinent when evaluating the vascular response associated with porous 

polymers. In this study, no statistical differences were identified between the two 

modification methods, the two cell lines, or the modified groups and the non-modified 

group. 

Tissue encapsulation 

An evaluation of the tissue encapsulation associated with the implants was 

included in the comparison of the modification types because of the negative influence 

fibrous capsule formation has on new vessel growth within porous polymers. It is 

possible that the simple absence of a fibrous capsule may enable vascular integration of 
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porous materials, particularly in the presence of inflammation (Salzmann, 1997). The 

shape of the ePTFE discs resulted in the development of a thicker capsule on the lumenal 

surface of the discs compared to the ablumenal surface for all implants, especially in the 

subcutaneous tissue. This additional capsule thickness might contribute to increased 

angiogenic responses on the ablumenal surface when compared to the lumenal surface of 

the modified groups in subcutaneous tissue. 

Comparisons between the capsule thickness revealed no differences between the 

non-modified and the modified groups in the adipose tissue. However, in the 

subcutaneous tissue, each of the modified groups had significantly thicker capsules on the 

albumen compared to the non-modified group. On the lumen, only the II-4 medium and 

HaCaT cell-mediated groups had thicker capsules compared to the non-modified group. 

Additionally, there was a difference in the percentage of the capsules that were classified 

as cellular in nature. For both tissues, a trend towards increased cellularity was seen with 

all modifications compared to no modification. Furthermore, the conditioned medium 

groups developed a greater percentage of cellular capsules than the cell-mediated 

modifications in the subcutaneous tissue and on the ablumenal surface of the adipose 

implants. Thus, in the subcutaneous tissue, while the capsules were thicker, they were 

more cellular, and this might have facilitated new vessel in-growth. It is important to note 

that this response is not accompanied by an increase in EDI positive cells. The 

differences between the tissue responses to the conditioned medium modified ePTFE and 

the cell-mediated modification are associated mainly with the subcutaneous tissue. This 
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may again indicate that there are tissue specific interactions with the polymer that may be 

independent of the modification type applied. 

Summary 

The goal of the current study was to determine if a laminin-5 rich conditioned 

medium could be used to deposit protein onto the surface of ePTFE, and to compare this 

modification type in vivo to the cell-mediated deposition of a laminin-5 rich ECM. 

Conditioned medium can be used to successfully deposit laminin-5 onto the surface of 

ePTFE, resulting in increased HMVEC adhesion. Additionally, both the conditioned 

medium modifications resulted in significantly increased angiogenesis and 

neovascularization in both tissues, and cell mediated modifications significantly 

increased angiogenesis in the subcutaneous tissue. No difference between the 

inflammatory response or capsule thickness was observed between the cell-mediated or 

conditioned medium modification types. No consistent differences were observed 

between the vessel type distributions between the adipose and subcutaneous tissues. 

There was, however, an increase in the cellular content of the capsule surrounding the 

implants modified with conditioned medium. Altogether, there are tissue specific 

differences between the tissue responses to the conditioned medium and cell-mediated 

modification types, which might influence the angiogenic and neovascular response to 

the modified ePTFE. The data further support the hypothesis that conditioned medium 

can be used to modify ePTFE with soluble lamimn-5 to promote endothelial cell 

attachment in vitro as well as angiogenesis and neovascularization in vivo. Thus, the use 
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of conditioned medium will permit further testing of the role of laminin-5 in the observed 

angiogenic and neovascular responses to modified ePTFE. 
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FIGURE 5.1. Bioreactor system used for conditioned medium modifications of ePTFE. 
The current system contains a single ePTFE tube, but has the capacity for two tubes in 
series. Medium is pumped through the system, and due to the cap on the distal end, 
forced through the pores of the ePTFE tube. 
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FIGURE 5.2. Western blot probing for the beta 3 chain of laininin-5. Protein collected 
from ePTFE post flow of conditioned medium was probed for the presence of laminin-5 
to ensure this was a viable mechanism for depositing laminin-5 onto the surface of 
ePTFE. SDS polyacrylamide gels (7%) under reducing conditions were loaded with equal 
concentrations of protein/lane. Lanes are sorted by duration of flow (1, 3, 6, or 12 hrs), 
location within the bioreactor (prox = proximal tube and dist = distal tube), followed by 
with (+) or without (-) an EDTA pre-soak. Molecular weights are indicated on the right in 
kD. 
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Cultured HMVEC Adhesion to ePTFE 

FIGURE 5.3. Histogram of human microvessel endothelial cell adhesion to modified 
ePTFE (Med = conditioned medium modified). Values expressed as mean number of 
cells per high powered field (HPF) ± SEM. * denotes significantly different fi-om human 
serum group, ** denotes significantly different fi-om human serum and II-4 Med groups, 
p < 0.05. 
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FIGURE 5.4. Histogram of angiogenesis and neovascularization associated with 
modified and non-modified ePTFE implanted in rat adipose tissue (Med = conditioned 
medium modified, ECM = cell-mediated modified). Values expressed as mean number of 
vessels per mm^ ± SEM. * denotes significantly different from the respective non-
modified group, p < 0.05. 
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FIGURE 5.5. Histogram of angiogenesis and neovascularization associated with 
modified and non-modified ePTFE implanted in rat subcutaneous tissue (Med = 
conditioned medium modified, ECM = cell-mediated modified). Values expressed as 
mean number of vessels per mm^ ± SEM. * denotes significantly different fi-om the 
respective non-modified group, p < 0.05. 
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FIGURE 5.6. Scatter plot of the vessel density spanning the width of the ePTFE discs 
implanted into adipose (upper) and subcutaneous (lower) tissues (Med = conditioned 
medium modified, ECM = cell-mediated modified). Cartoon demonstrates the location of 
the field with respect to the position number at which the counts were taken. Field size 
equals 54x54 ^im^. Values expressed as mean number of vessels per mm^ ± SEM. * 
denotes significantly different from the other groups at that position, p < 0.05. 
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FIGURE 5.7. Histogram of EDI positive cells associated with modified and non-
modified ePTFE implanted into the adipose tissue (Med = conditioned medium modified, 
ECM = cell-mediated modified). Values expressed as mean number of cells per mm^ ± 
SEM. 
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Subcutaneous Tissue Inflammatory Response 
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FIGURE 5.8. Histogram of EDI positive cells associated with modified and non-
modified ePTFE implanted into the subcutaneous tissue (Med = conditioned mediimi 
modified, ECM = cell-mediated modified). Values expressed as mean number of cells per 
mm^ ± SEM. 
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FIGURE 5.9. Light micrographs of hematoxylin and eosin-stained tissue cross-sections 
containing modified and non-modified ePTFE implants in adipose tissues. Images of the 
ablumenal surface are presented and include HaCaT ECM (a), HaCaT Med (b), II-4 ECM 
(c), n-4 Med (d), and Non-modified (e). Bars = 25 ^im. 
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FIGURE 5.10. Light micrographs of hematoxylin and eosin-stained tissue cross-sections 
containing modified and non-modified ePTFE implants in subcutaneous tissues. Images 
of the ablumenal surface are presented and include HaCaT ECM (a), HaCaT Med (b), II-
4 ECM (c), II-4 Med (d), and Non-modified (e). Bars = 25 |im. 
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6. A COMPARATIVE EVALUATION OF THE TISSUE RESPONSES ASSOCIATED 

WITH EPTFE IN THE RAT AND MOUSE 

Portions of this chapter are published in the Journal of Biomedical Materials Research. 

A Comparative Evaluation of the Tissue Responses Associated with Polymeric Implants 

in the Rat and Mouse. Kidd, K.R., Dal Ponte, D.B., Keilar, R.S., and Williams, S.K. 

2002. 59(4): 682-689. 

Introduction 

During ±e preclinical evaluation of biomedical devices, animal models are often 

used to evaluate tissue-material interactions and device performance (Didisheim, 1993). 

For example, animals ranging in size from calves and swine to small rodents have all 

been used and continue to provide critical information during the development of novel 

polymeric implants. The rat subcutaneous tissue implant site has proven to be a high-

throughput, relatively low cost screening technique for testing the initial tissue response 

to new materials (Mako et al., 1999;Sharkawy et al., 1997;Williams et al., 1997). This 

model has also permitted the evaluation of site specific tissue responses to material 

structural alterations, changes in polymeric composition, and material surface 

modifications (Brauker et al., 1995;Salzmarmetal., 1999). 

Recent advances in molecular biology and the development of genetic models of 

disease can potentially augment our knowledge of healing responses associated with 

polymeric implants (Lee et al., l999;Lijnen et al., 1999). The importance of a single 
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gene can be evaluated through its absence or its abundance, as exemplified in knock-out 

and transgenic animals, respectively. Additionally, the interplay of thousands of genes or 

gene products can be determined in one assay, as exemplified by the use of genomic and 

proteomic techniques (Chambers et al., 2000;Comish-Bowden et al., 2001;St Croix et al., 

2000). Yet, most of these new technologies are currently available for use solely in mice. 

Consequently, to utilize such techniques, the mouse implant model must be evaluated for 

the tissue and vascular responses associated with this model and compared to those of the 

more commonly used preclinical rodent species, the rat. This will ensure that the same 

tissue responses are stimulated and would be studied in future experiments. The current 

study evaluates the angiogenesis, neovascularization, inflammation and fibrous 

encapsulation associated with ePTFE in the mouse subcutaneous and adipose tissue and 

compares these responses to the rat at the 5-week timepoint. 
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Materials and Methods 

Study design 

All animal studies were performed with protocols approved by the University of 

Arizona LACUC, and according to the National Institutes of Health Guidelines for the 

Care and Use of Laboratory Animals (#85-23 Rev. 1985). Anesthesia was induced in six 

Sprague Dawley rats and six 129-SVJ mice by intraperitoneal injection of 50 mg/kg 

sodium pentobarbital or 2mg/0.01Kg avertin, respectively. Discs of ePTFE (6 mm 

diameter for rats; 4 mm diameter for mice) were prepared from commercially available 

tubular ePTFE, 4mm internal diameter, standard wall, and 30^m intemodal distance 

(ePTFE Vascular Grafts, Impra Inc, Tempe, AZ). Each animal received a total of four 

discs, implanted into the right and left epididymal fat pads and the right and left rear 

haunch subcutaneous tissue. Five weeks after implantation, the samples were removed 

and placed in Histochoice™ fixative (Amresco, Solon, OH). Preparation of these discs 

from commercial, tubular vascular graft imparts a polarity to the discs. Throughout this 

evaluation the term ablumen refers to the outer curve (convex surface) of the ePTFE disc 

and lumen refers to the inner curve (concave surface) of the ePTFE disc. 

Histology and immunohistochemistry 

Following fixation, the explanted discs were dehydrated, embedded in paraffin, 

sectioned at 6nm and processed for hematoxylin and eosin (H&E) and 

immunocytochemical evaluation. Blood vessels of all diameters were identified using the 

lectin, Griffonia simplicifolia-1 (1:100, peroxidase conjugated lectin-GS-1; EY 

Laboratories, San Mateo, CA). Additional sections were evaluated for the presence of 
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activated macrophages and monocytes using EDI antibody (1:100, monoclonal; Serotec, 

Inc., Raleigh, NC) followed by a peroxidase conjugated secondary antibody. Samples 

were reacted with 3, 3' diaminobenzidine (DAB) substrate for visualization. Methyl 

green staining was used to identify background nuclei following both 

immunocytochemical techniques. 

Vessel density 

Vessel density was evaluated using the sections reacted with GS-1 viewed under 

a 40x water-immersion lens. The number of cross sectional and longitudinal vessel 

profiles were counted in a total of 40 high power fields (HPF = 54 x 54^m^). These HPF 

were randomly selected at the tissue-polymer interface, along the entire length of the 

polymer. The criterion for a positive vessel were: 1) positive GSl reaction, 2) an 

identifiable lumen and 3) located within the designated HPF area. Vessel counts were 

grouped based on the location of the HPF area relative to the polymer. Four areas were 

defined as lumenal tissue (n=10 HPF), lumenal polymer (n=10 HPF), ablumenal tissue 

(n=10 HPF), and ablumenal polymer (n=10 HPF). Vessel density for each implant group 

was expressed as mean number of vessels/mm^ ± s.e.m. 

Inflammation 

Inflammatory response was evaluated using the sections stained with EDI viewed 

under a 40x water-immersion objective lens. Using a 54 x 54^m^ high power field, 20 

fields were randomly selected at the tissue-polymer interface, within the ablumenal 

(n=10) and lumenal (n=10) tissue surrounding the polymer. EDI positively staining cells 

within the HPF in the tissue surrounding the material were counted. Inflammatory cell 
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number for each implant group was expressed as mean number of inflammatory 

cells/mm^ ± s.e.m. 

Tissue capsule evaluation 

Using a 20x objective, five random images were captured at the lumenal and 

ablumenai polymer surfaces from the H&E stained sections using a 20x objective and a 

Sony catseye camera. These images were catagorized based on their position relative to 

the ePTFE disc (lumenal, ablumenai, edge or mid-graft) as well as capsule tissue type 

(fibrous or cellular capsule). Using a computer based morphometric system (Metamorph 

Imaging Systems, Universal Imaging Corporation, West Chester, PA), three 

measurements of the capsule thickness were taken fi-om each image, totaling fifteen 

measurements per sample (five images per sample, three measurements per image). 

Values were expressed as mean thickness ^m ± standard error. 

Statistics 

All statistical comparisons were completed using an ANOVA to determine 

significance, followed by a Bonferroni post hoc test. Differences were considered 

statistically significant at p <0.05. 
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Results 

Vessel density 

The vascular responses observed following implantation of porous ePTFE were 

distinguished based on vessel location, angiogenesis and neovascularization. These 

values were not significantly different between the two species (figure 6.1). Both species 

had patent vessels in the peri-implant tissue with identifiable lumens and resident red 

blood cells. However, few vessels were observed within the pores of the material (figure 

6.2). In addition, the angiogenesis was greater in the adipose tissue relative to the 

subcutaneous tissue in both species. 

Inflammatory response 

The inflammatory response differed between the two species, and for the rat, 

between the sites of implantation. The rat exhibits a significantly greater inflammatory 

response, EDI reactivity, compared to the mouse in both the adipose and subcutaneous 

tissues (figure 6.3). Comparisons in the inflammatory response between the lumenal and 

ablumenal surfaces of ePTFE were also made. In the adipose tissue, no differences were 

observed in the inflammatory response between these two surfaces in the mouse. 

However, there was a siuface-specific difference in the inflammatory response observed 

with ePTFE implanted in the rat adipose tissue, where the lumenal surface showed 

significantly greater inflammation compared to the ablumen (figure 6.3). In the 

subcutaneous tissue, no differences were observed for either species between lumenal and 

ablumenal surfaces. Representative histological sections are presented in figure 6.4. 
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Tissue encapsulation 

In the adipose tissue, the tissue encapsulation differed between the rat and the 

mouse. In the rat, the ablumenal surface stimulated a fibrous capsule while the capsule 

on the lumenal surface was more cellular in nature. The thickness of this capsule did not 

vary significantly between these two surfaces or with respect to the edge or mid position 

along the material disc (table 6.1). In the mouse, the capsule that formed around the 

material disc in the adipose tissue consisted predominantly of an extracellular matrix 

capsule for both the ablumenal and lumenal surfaces. This capsule was thin, and uniform 

(figure 6.5). Additionally, there was a trend for the capsules associated with the mouse 

implants to be thinner than the implant associated capsules in the rat. Specifically, 

statistical differences between the rat and mouse were noted at the ablumenal edge and 

lumenal mid positions along the material disc implant (table 6.1). 

In the subcutaneous location, the rat and mouse produce the same type of capsule 

with respect to fibrous tissue formation and thickness. Both develop an extracellular 

matrix rich capsule around the entire surface of the disc implant. Additionally, there was 

a trend for the capsule thickness in the mid region on the lumenal surface to be thicker 

than the edge region (figure 6.5). 
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Table 6.1. Tissue capsule thickness expressed as mean thickness in ± SEM. 

Capsule Thickness um Capsule 
Implant Site Species Surface disc edge disc mid Classification 

Rat ablumen 130 ±20^ 85± 19 Fibrous 
Adipose Tissue lumen 108 ±45 117 ±46^ Cellular Adipose Tissue 

Mouse ablumen 12±2 7± 1 Fibrous 
lumen 14±6 7± 1 Fibrous 

Rat ablumen 56 ±13 7± I Fibrous 
Subcutaneous lumen 77± 11 136 ± 12 Fibrous 

Mouse ablumen 73 ±24 27 ±6 Fibrous 
lumen 64± 11 113± 12 Fibrous 

^ Significantly different from mouse albumen, disc edge (adipose) 
* Significantly different from mouse lumen, disc mid (adipose) 
P < 0.05 
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Discussion 

This study served as a comparative evaluation of the vascularization, 

inflairunatory response, and the tissue capsule formation associated with ePTFE disc 

implants in the rat and mouse subcutaneous and adipose tissues. These three parameters 

were chosen based on their known influence on device function (Anderson, 

1988;Didisheim, 1993;Gerritsen, 2000;Zacharias et al., 1987). This study is important 

because it serves as a transition to the use of the mouse as an implant model rather than 

the rat for the remainder of this dissertation. Furthermore, the mouse model was chosen 

because it represents an animal model that permits genetic manipulation of the key 

factors in the healing response associated with biomedical implants. The rat and mouse 

developed similar levels of angiogenesis and neovascularization in association with these 

discs, yet the mouse did not stimulate an inflammatory response toward implanted 

ePTFE. In addition, in adipose tissue, the mouse tended to develop a thinner, fibrous 

capsule sunounding the disc implants, while the rat developed a thicker and more cellular 

capsule. 

Vascular response 

The subcutaneous, adipose, and muscle sites of rats and rabbits have been 

common implant locations for the evaluation of tissue reactions, in particular the vascular 

response to material implants (Bellon et al., 1996a;Jansen et al., l994;Sterpetti et al., 

1992). These implant sites are often used during the initial determination of material 

safety and tissue responses, as well as for improved end-device ftmction. Studies in this 

area have focused on the ability to improve integration of these materials into the body 
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through a decreased capsule formation and an increased vascular integration of the 

material (Updike et al., 2000). 

No differences in the angiogenesis and neovascularization associated with tlie 

ePTFE were observed between the rat and mouse for either implant location. These 

findings agree with the work of Khouw et al. who observed no difference in the peri-

implant vascular response between the rat and the mouse in association with implanted 

biodegradable materials (Khouw et al., 2000). Thus, these two models are comparable 

with respect to vascularization of polymeric materials. 

Inflammation 

Excessive and chronic inflammation is a known factor contributing to implant 

failiu-e (Anderson, 1988). As such, it is an important variable to be considered in an 

evaluation of tissue responses to biomaterial implants. In the present study, the 

inflammatory response association with ePTFE implants in the mouse was significantly 

less than that of the rat. This finding is in agreement with the study performed by Khouw 

et.al. as well where the authors compared the foreign body reaction to biodegradable 

materials not only between the rat and mouse species, but also within distinct strains of 

each species (Khouw et al., 2000). They found the foreign body reaction to be clearly 

different between the mouse and the rat, but only slightly different between the species 

strains. 

Inflammatory cells are known to produce chemotactic and angiogenic factors, 

both of which can affect long term implant flmction (Didisheim, 1993;Didisheim, 

1994;Sunderkotter et al., 1994). Variations in the degree of the inflammatory response 
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could result in differing vascular responses to polymeric implants (Salzmann et al., 

1999). Similarly, inflammation could serve to impede device integration into the body. It 

is arguable that while the rat and mouse produce the same nimiber of vessels associated 

with the polymer, the mechanism behind each species response may be different. 

Alternatively, the inflanmiatory response in the mouse could have resolved before the 5 

week time period and/or the mouse and rat may have vascular responses that do not 

involve the inflammatory reaction. 

Tissue encapsulation 

The mouse developed a thinner capsule in the adipose tissue compared to the rat. 

This might have influenced vessel recruitment to the polymer in the mouse. For example, 

a decreased inflammatory response, as observed in the mouse, could possibly recruit 

vessels more efficiently due to the decrease capsule thickness. However, the differences 

in the capsule thickness were limited to the adipose tissue alone, therefore, this is likely 

not the only explanation. 

Summary 

The rat subcutaneous and adipose tissue implant sites have previously been 

described as testing sites for tissue responses associated with biomedical implants. The 

current study, compared the mouse (129-SVJ) model to the more established rat 

(Sprague-Dawely) model and focused on the tissue responses to 30^m intemodal distance 

ePTFE at the 5 week timepoint. The rat and mouse implant models provide comparable 

results with regard to angiogenic and neovascular evaluations. The rat model, with its 

more extensive inflammatory response, may provide a more appropriate model of 
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inflammatory cell recruitment and differentiation. The future use of genetic mouse 

models will contribute to the understanding and manipulation of the healing associated 

with biomaterial implants. 
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FIGURE 6.1. Histogram of angiogenesis and neovascularization associated with non-
modified ePTFE implanted in the mouse and rat. Angiogenesis (Ang) and 
neovascularization (Neo) associated with ePTFE implanted into the adipose (A) and 
subcutaneous (B) tissues of the mouse and rat. Values expressed as mean number of 
vessels per mm^ ± SEM. 
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FIGURE 6.2. Light micrographs of GS-l positive capillaries associated with non-
modified ePTFE implanted in the mouse and rat. EPTFE cross-sections in rat adipose 
tissue (A), mouse adipose tissue (B), rat subcutaneous tissue (C), and mouse 
subcutaneous tissue (D). Vessels with lumens are observed in association with implanted 
polymers (arrows). Occasionally, vessels were seen in the pores of the ePTFE 
(arrowhead). Bar = 30^m. 
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FIGURE 6.3. Histogram of EDI positive cells associated with non-modified ePTFE 
implanted in the mouse and rat. EDI positive cells associated with ePTFE implanted into 
the adipose (A) and subcutaneous (B) tissues of the mouse and rat. Values expressed as 
mean number of cells per mm^ ± SEM. * denotes significantly different, p < 0.05. 
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FIGURE 6.4. Light micrographs of EDI positive cells associated with non-modified 
ePTFE implanted in the mouse and rat. EPTFE cross-sections in rat adipose tissue (A), 
mouse adipose tissue (B), rat subcutaneous tissue (C), mouse subcutaneous tissue (D). 
Positively stained cells are identifiable by the dark tone. Bar = SO^uti. 
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FIGURE 6.5. Light micrographs of hematoxylin and eosin-stained tissue cross-sections 
containing non-modified ePTFE implanted in the mouse and rat. Images are grouped as 
adipose tissue (A-D) and subcutaneous tissue (E-H). The rat (A, C, E, G) and mouse (B, 
D, F, H) samples are displayed side by side for comparative purposes. Differences in the 
capsule thickness and composition between the mouse and rat are clearly visible in the 
adipose samples. Bar = 30|Am. 
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7. HUMAN MICROVESSEL ENDOTHELIAL CELL INTERACTION WITH 

LAMININ-5 IN VITRO 

Introduction 

Both the laminin-S rich, cell-mediated deposition of extracellular matrix, and the 

laminin-5 rich, conditioned medium deposition of matrix onto ePTFE increase 

angiogenesis and neovascularization associated with the polymer implant. This type of 

vascular response is desired within the area of biomedical implant development (Greisler, 

1997;Merzkirch et al., 2001;Sanders et al., 2000;Updike et al., 2000). Because of the 

presence of additional proteins in association with these modifications, the role of 

laminin-5 in these vascular responses cannot be clearly determined. The selective 

removal of laminin-5 from the matrices would facilitate the deduction of a role for 

laminin-5 in the increased angiogenesis and neovascularization associated with the ECM 

modified polymers. Additionally, the use of pure laminin-5 would help determine if this 

single ECM protein is sufficient to promote angiogenesis and neovascularization in 

association with polymer implants. 

Prior to completing in vivo studies, in vitro studies will be performed to provide 

information about the specific interaction, or lack thereof, of endothelial cells with 

laminin-5. This may then provide insight into the type of interactions that occur in vivo. 

The aim of the current study is to determine if Iaminin-5 is a necessary component of 

HaCaT conditioned medium responsible for the increased human microvessel endothelial 

cell adhesion to modified ePTFE, and to determine how this adhesion is mediated. 



202 

The hypothesis is that laminin-5 is an essential component of the HaCaT conditioned 

medium responsible for promoting cell adhesion to modified ePTFE in an integrin-

mediated mechanism. 
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Materials and Methods 

Cell culture 

The HaCaT human squamous epithelial cell line was a generous gift from Dr. 

Norbert Fusenig of the German Cancer Research Center. Cells were maintained in culture 

medium (Dulbecco's Modified Eagle's Medium with high glucose, 10% fetal bovine 

serum, 2mM L-glutamine, and 5mM HEPES buffer). HaCaT cells at 70% confluence 

were rinsed with di-cation free phosphate buffered saline (DCF-PBS) and placed in 

serum free medium for 48h prior to the collection of conditioned medium. Collected 

conditioned medium was centrifliged at 750g for 5 min to remove debris prior to coating 

procedure. 

Human microvessel endothelial cells (HMVEC) were isolated from human 

liposuction derived fat as previously described (Williams et al., 1994a). Cells were 

maintained in culture medium (Medium 199, 10% fetal bovine serum, 60^g/ml crude 

endothelial cell growth factor (ECGS), 2mM L-glutamine, and 5mM HEPES buffer). 

Early passage (p2-p5) HMVEC were used for all studies. 

Purification/removal of laminin-S from the conditioned medium 

Laminin-5 purification was performed according to the procedure of Champliaud 

et al. (Champliaud et al., 1996) with minor variations. Briefly, differences from this 

method included the source of laminin-5; laminin-5 was obtained from the cell culture 

supernatant of HaCaT cells rather than from human amnion, and immunoaffinity 

chromatography using a Sepharose column complexed with monoclonal anti-laminin a3 

antibody, BM165 targeted at the a3 chain of laminin-5 was used. 
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Removal of laminin-S from conditioned medium (in order to prepare HCM-Ln5) 

was performed the same day as the adhesion experiment. Sepharose beads complexed 

with the monoclonal anti-laminin (x3 chain antibody, BM165, was a generous gift of Dr. 

Anne Cress. A column was prepared using 300ul of the conjugated beads. Conditioned 

medium was passed over the column a total of two times. The beads were regenerated in 

between passes using IM acetic acid and rinsing with DCF-PBS to neutralize the acid. 

Pre and post column samples were collected for westem blot analysis and confirmation of 

laminin-5 removal. 

ePTFE surface modification 

In preparation for modification of ePTFE with conditioned medium, the air was 

removed fi-om the interstices of the material using successive ethanol soaks starting at 

100% and decreasing by 10% increments to deionized water over 20min. intervals. This 

process is referred to as denucleation (Boswell et al., 1999) and results in the removal of 

air and the production of a graft with decreased surface tension. Following denucleation, 

ePTFE discs were placed in DCF-PBS for Ihour prior to the bioreactor procedure. 

For the coating procedure tubular ePTFE, with the distal end capped, was placed 

within a bioreactor (figure 5.1). Approximately, 55 mis of HaCaT conditioned medium 

was pumped through the tubular ePTFE at 15mls/min. One hour flow regimens were used 

for the HaCaT conditioned medium (HCM) and HaCaT conditioned medium minus 

laminin-5 groups (HCM-Ln5). DCF-PBS and purified laminin-5 (Ln5) modifications 

were also evaluated. Following denucleation, the DCF-PBS group was soaked in DCF-
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PBS over night and the laminin-5 group (lug/cm^) was coated and kept in DCF-

PBS/laminin-5 solution at 4°C overnight prior to cellular attachment studies. 

Western blot 

Protein deposited onto ePTFE using the bioreactor system and the conditioned 

medium samples pre and post flow over the BM165 immunoaffinity column, were 

evaluated by western blot analysis. Protein deposited onto the ePTFE was collected by 

gently agitating the ePTFE samples while they soaked in 500 ^il of Laemmli SDS sample 

buffer and 10% 2-mercaptoethanol at 37°C for 24hrs. Conditioned medium samples were 

concentrated using Centricon YM30 (Centricon Centrifugal Filter Devices, Millipore Co., 

Bedford MA) according to the manufactures guidelines. Protein concentration was 

determined using a Micro BCA kit (Pierce, Rockford, II.). 

SDS polyacrylamide (7.0 %) gel electtophoresis was performed using 20 nl of 

each protein sample from the bioreactor modification or the volume equal to 20 jig of 

protein for the conditioned medium samples. The gel was then transferred to a 

polyvinylidene floride membrane (PVDF), Immobilon-P (Millipore Corp., Bedford, 

MA). Blots were stained with Ponceau S and when necessary, cut into individual strips 

for analysis. Samples collected from the bioreactor modification were probed for collagen 

1, collagen IV, fibronectin, laminin-1 and iaminin-5. Conditioned medium samples were 

probed for removal of all three laminin-5 chains (a3, p3, yl). 

Proteins were detected using specific antibodies [1) rabbit anti-collagen I 

polyclonal (COLl.l; abeam, UK) 1:7500, 2) mouse anti-collagen IV monoclonal (catalog 

# MAB1910; Chemicon, Temecula, CA) 1:10,000, 3) mouse anti-fibronectin monoclonal 
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(clone FN-15; Sigma, St. Louis, MO) 1:10,000, 4) rabbit anti-laminin-1 polyclonal 

(product # L-9393; Sigma, St. Louis, MO) 1:7500, 5) mouse anti-laminin-5 P3 subchain 

monoclonal (clone 17; Transduction Laboratories, Lexington, KY) 1:1500, 6) mouse 

anti-laminin-5 y2 subchain monoclonal (catalog # MAB19562; Chemicon, Temecula, 

CA) 1:5000, 7) rabbit anti-laminin-5 a3 subchain polyclonal (RB-71, custom made by 

Bethyl Laboratories, Inc. against the peptide sequence CKANDITDEVLDGLNPIQTD 

originally identified Champliaud et al.(Champliaud et al., 1996), 1:5000)] and observed 

using SuperSignal® Substrate according to manufacturer's instructions (Pierce, 

Rockford, IL). Two secondary antibodies conjugated to horseradish peroxidase, rat anti-

mouse IgG (clone LO-MGl-2; Serotec, Raleigh, NC) 1:5000, and goat anti-rabbit IgG 

(product # A9169; Sigma, St. Louis, MO) 1:5000, were used. 

Protein standards consisted of human collagen I, collagen IV, fibronectin, EHS 

laminin-1 (all from Becton Dickinson, San Jose, CA), and purified laminin-5. 

Cell adhesion to ePTFE 

Confluent monolayers of HMVECs were prepared for adhesion studies by 

treatment with 5mM EDTA in DMEM at 37 °C for 20min. Suspended cells were 

collected into serum free medium (Ml99) containing 0.1%BSA, 2mM L-glutamine, and 

5mM HEPES buffer. The cells were sodded at a density of 2 x lO^cells/cm^ as described 

previously with minor changes (Williams et al., 1991). Briefly, cells were pressure 

sodded onto the lumenal surface of each ePTFE tube and allowed to adhere for Ihour 

while rotating in an incubator set at 37°C and 5%C02. Following this incubation period, 

ePTFE samples were collected and placed in formalin fixative. 
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Cell quantification on ePTFE 

Adherent cells were labeled with the DNA intercalater, Bisbinzamide (BBI), 

which fluoresces under UV light. Each sample was visualized using epi-fluorescence 

under a lOx objective using a UV filter. Five high powered fields were randomly 

selected and images were captured into a computer based morphmetric system 

(Metamorph Imaging Systems Software; Universal Imaging Corporation, West Chester, 

PA) where the cellular density was calculated based on a threshold analysis. 

Scanning electron microscopy 

Samples were prepared for scaiming electron microscopy evaluation by 

dehydration, critical point drying, and sputter coating using a gold target. The samples 

were evaluated and photomicrographs obtained using a JOEL 820 scanning electron 

microscope (JOEL USA, Peabody, MA). 

Polystyrene plate coating 

The adhesion assays performed on polystyrene, all used 96 well, non-tissue 

culture polystyrene plates, and commercially available purified laminin-5 (I^ig/cm", 

Chemicon, Temecula, CA). Additional proteins evaluated included; fibronectin 

(lOng/cm^, human, Becton Dickinson, Bedford, MA), laminin-1 (lO^ig/cm^, EHS mouse 

tumor, Becton Dickinson, Bedford, MA), collagen FV (l^g/cm^, human, Becton 

Dickinson, Bedford, MA), and collagen I gelatin (lOOul, 0.1%vol. wt.. Gelatin type A 

porcine skin, Sigma, St. Louis, MO). Optimal protein concentrations were determined 

previously (data not shown). With the exception of the blocking studies, the protein. 
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suspended in ddHiO, was allowed to dry onto the polystyrene surface overnight. For 

blocking studies, all plates were treated with protein solutions for 2hrs at 37°C. 

Antibodies for adhesion blocking experiment 

Antibodies used for the adhesion blocking studies were as follows: anti-alpha 6 

(NKI-GoH3, 5fig/ml, Serotec, Raleigh, NC), anti-alpha 3 (P1B5, 1:100, Life 

Technologies, Rockville, MD), anti-beta 1 (P4C10, 1:100, Life Technologies, Rockville, 

MD) anti-alpha 3 chain of laminin-5 - BM165 (function blocking), anti-beta 3 chain of 

laminin-5 - BM145 (non-function blocking). The BM165 and BM145 antibodies were 

gifts from Dr. Anne Cress. 

Polystyrene adhesion and adhesion blocking assays 

HMVEC cells were prepared as described under: Cell Attachment to ePTFE. For 

the adhesion assay, coated, non-tissue culture treated polystyrene plates were rinsed Ix 

with DCF-PBS and subsequently blocked for Ihour with 0.1% BSA (RIA Grade, Sigma, 

St. Louis, MO) at 37°C. Plates were then rinsed 2x with DCF-PBS, lOOul of adhesion 

medium added, HMVECs plated at a density of le5 cells/cm^, and allowed to adhere for 

1 hourat37°C. 

For the adhesion blocking assay, the wells designated for treatment with the 

BM165 and BM145 antibodies were pre-treated with antibody at 2ng/cm~ for 2hrs at 

37°C prior to protein deposition. The plates were then rinsed, blocked with 0.1%BSA for 

Ihr, and coated with the protein concentrations described above for 2hrs at 37 °C. 

Subsequently, wells were rinsed and blocked as described for the adhesion assay. 

Designated HMVEC were pre-treated with respective blocking antibodies approximately 
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2min prior to plating within the wells. HMVEC were plated at a density of le5 cells/cm^ 

and allowed to adhere for 1 hour at 37°C. 

Following adhesion, non-adherent cells were rinsed with DCF-PBS Ix and fixed 

with 2.5% formalin for 20min. Plates were then rinsed 2x with dH20, stained with 0.5% 

crystal violet in 20% methanol for Imin, rinsed 3x with dH20 and allowed to dry. Once 

dry, the crystal violet stain was released with 200ul of O.IM citric acid (Sigma, St. Louis, 

MO). Cell attachment was quantified by measuring the optical density using an ELISA 

plate reader with a 540nm filter (MolecularProbes Inc). Data presented is the average of 

four separate experiments. 

Statistics 

All statistical comparisons were completed using an ANOVA followed by 

Student-Newman-Keuls post-hoc analysis. Differences were considered statistically 

significant at p<0.05. 
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Results 

Protein deposition 

Protein deposited from HaCaT conditioned medium (HCM) onto ePTFE using the 

bioreactor system was collected and analyzed for the presence of collagen I, collagen IV, 

fibronectin, Iaminin-1, and laminin-5. The analysis revealed that in addition to Iaminin-5, 

fibronectin and laminin-1 were deposited onto the ePTFE (figure 7.1). 

HMVEC adhesion to ePTFE 

In order to assess the importance of laminin-5 in HMVEC adhesion to HCM-

modified ePTFE, two approaches were taken: 1) laminin-5 was selectively removed from 

the HCM (HCM-Ln5), and 2) purified laminin-5 isolated from the HCM was evaluated. 

Laminin-5 was successfully removed from HCM (figure 7.2) without reducing the 

concentration of the laminin-1 and fibronectin (figure 7.3). 

Review of the scanning electron micrographs taken of ePTFE samples following 

the adhesion experiment revealed that HMVECs attached to and spread on the HCM-

modified surface (figure 7.4). Fewer HMVEC were attached to the purified laminin-5 

modified surfaces compared to the HCM-group, yet these HMVEC were spreading and 

interacting. Additionally, differences could be seen for all the protein-modification 

groups when compared to DCF-PBS and non-modified groups. These groups displayed 

little to no cell spreading. 

The HMVEC adhesion to ePTFE was quantified using a morphometric 

evaluation. Removal of laminin-5 from the HCM resulted in statistically decreased 

HMVEC adhesion compared to the HCM-modified group leading to levels equivalent to 
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that of the DCF-PBS group. Modification of ePTFE with purified laminin-5 did not fully 

restore HMVEC adhesion to levels seen with the HCM-modified group. However, pure 

laminin-S modification did result in statistically increased HMVEC adhesion compared to 

that of the non-modified group, while HCM-Ln5 did not (figure 7.5). 

HMVEC adhesion to polystyrene 

Laminin-5 supports a level of HMVEC adhesion comparable to that of collagen 1, 

collagen IV, laminin-1 and fibronectin (figure 7.6). The adhesion blocking experiment 

demonstrated the integrin specificity for HMVEC adhesion to laminin-5 (figure 7.7). 

HMVEC adhesion was successfully blocked using the BM165 anti-body against the 

globular domain of the a3 chain of laminin-5, confirming that laminin-5 mediates the 

majority of the observed adhesion. Each of the integrin treatments resulted in 

significantly reduced adhesion compared to the EM 145 (null) group. Additionally, the 

anti-alpha 3, anti-alpha 3 & anti-alpha 6, and anti-beta 1 antibody treatment groups 

significantly reduced HMVEC adhesion compared to the anti-alpha 6 and no-antibody 

treatment groups. These same groups had significantly greater adhesion levels than the 

BM165 group. 
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Discussion 

The purpose of the current study was to determine if the extracellular matrix 

protein Iaminin-5 is the major protein responsible for the observed increase in HMVEC 

adhesion to HCM modified ePTFE and to elucidate the interaction of HMVEC with pure 

laminin-5. Studies in chapter 3 demonstrated that laminin-5 is a common component 

amongst several ECM coatings capable of promoting a vascular response to implanted 

ePTFE. Studies in chapter 5 determined that laminin-5 was secreted as a soluble form 

that could be used to successfully modify ePTFE, increase HMVEC adhesion to modified 

ePTFE, and stimulate an angiogenic and neovascular response associated with ePTFE. 

However, it was not known if this response was a result of a complex group of proteins 

working together, or if one protein, laminin-5, was responsible. The current study 

addressed this issue and determined that HMVECs could interact with pure laminin-5 in 

vitro. 

The protein deposited onto ePTFE by the HCM was evaluated for the presence of 

the ECM proteins collagen I, collagen IV, fibronectin, laminin-1, and laminin-5. These 

proteins were selected based on their role in effecting endothelial cell behavior and vessel 

integrity (Grant et al., 1997a;Herbst et al., 1988;Madri et al., 1983;Ruoslahti etal., 1997). 

Both laminin 1 and fibronectin were deposited onto the ePTFE surface in addition to 

laminin-5. Selective removal of laminin-5 from the HCM demonstrated that laminin-5 is 

an essential component of the HCM responsible for increased HMVEC adhesion to 

HCM-modified ePTFE. Additionally, pure laminin-5 was shown to support HMVEC 
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adhesion to ePTFE and non-T.C. treated polystjnrene plates, and integrins were involved 

in this adhesion. 

HMVEC adhesion to ePTFE 

The results from the current study addressed the issue of the importance of 

laminin-S and other proteins in the HCM demonstrated to increase HMVEC adhesion to 

ePTFE. While laminin-5 was not solely responsible for the increased HMVEC adhesion 

or cell spreading on HCM-modified ePTFE, its absence did significantly decrease 

adhesion levels to that of the DCF-PBS modification. Additionally, modification of 

ePTFE with pure laminin-S significantly increased HMVEC adhesion levels compared to 

non-modified ePTFE, and a healthy cell morphology was observed. The HMVECs that 

attached to the laminin-S modified surface spread and formed multiple cell groups 

resembling the establishment of a monolayer. These results demonstrate that modification 

of ePTFE with pure laminin-5 successfully alters the ePTFE surface from one that 

supports limited endothelial cell interaction, to one that with which endothelial cells 

interact positively. 

Consequently, modification of ePTFE with laminin-5 could improve the in vitro 

endothelialization of vascular grafts prior to implantation. The goal of in vitro 

endothelialization is to develop an endothelial monolayer within the vascular graft prior 

to implantation within in the body by seeding endothelial cells onto the surface of the 

graft. Several groups have hypothesized that endothelial cell seeding of the lumenal 

surface of vascular grafts will improve the biocompatibility of these implants and 
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decrease thrombosis (Herring et al., 1978;Koveker et al., 1991;Ratner, 2000;Williams, 

1995;Zillaetal., 1994). 

HMVEC adhesion to polystyrene 

In order to more specifically evaluate HMVEC adhesion to pure laminin-5, non-

tissue culture polystyrene plates were used. This eliminated any contribution from the 

polymer used in the eveiluation. Polystyrene modified with pure laminin-5 supported 

HMVEC adhesion. While adhesion levels were not statistically greater than that of the 

other proteins evaluated, endothelial cells interacted positively with this surface, and 

there was a trend toward increased adhesion on the laminin-5 surface, particularly 

compared to collagen I gelatin and Iaminin-1. This would be expected as collagen I is a 

fibrillar collagen and not a major ECM protein associated with mature vessels, and 

laminin-1 is not believed to be a major laminin found in adult tissues (Kikkawa et al., 

2000;Tiger et al., 1997). Additionally, the cell morphology with respect to cell spreading 

was best on the laminin-5, collagen IV, and fibronectin coated surfaces (data not shown). 

The adhesion of cells to the extracellular matrix is, in part, mediated by 

heterodimeric transmembrane proteins referred to as integrins (Hynes, 1992). The 

intercellular signaling that results from ligation of integrins influences cell behavior 

(Giancotti et al., 1999;Longhurst et al., 1998) and often works together with growth 

factor receptor pathways (Ling et al., I999;McNamee et al., 1993;Plopper et al., 1995). 

The adhesion blocking experiment was performed in order to determine what integrins 

were responsible for mediating HMVEC adhesion to laminin-5. The integrins a6pl, 

a3pi, and a6p4 are conmion laminin receptors (Lee et al., 1992;Mercurio et al., 1991). 
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Each of these integrins are expressed by endothelial cells (Enenstein et al., 1994;Kennel 

et al., 1992). Consequently, these were the integrins evaluated in this study. 

Unfortunately, a function-blocking anti-body to the p4 intergrin subchain was not 

available, so combinations of anti-a6 and anti-a3 were used. This evaluation 

demonstrated that integrins are involved in mediating endothelial cell adhesion to 

laminin-5, but they are not the only factor involved. In this evaluation, the blockade of 

the a3pi integrin reduced adhesion by approximately 50%, yet was still significantly 

greater than that of the BM165 antibody, and blockade of the a6 subchain had little effect 

on adhesion levels. This indicates that the a3pi integrin is the major intgerin used by 

HMVEC to bind laminin-5. Homen et al. performed an evaluation looking at the 

endothelial cell adhesion complex that formed between the a6P4 integrin and laminin-5 

(Homan et al., 1998). In this evaluation, the use of recombinant P4 integrin was reported 

because this integrin is downregulated during the culture of endothelial cells. It is 

possible that the endothelial cell adhesion in this study is misinterpreted due to a possible 

down regulation of the P4 integrin in culture. This, consequently, would permit effective 

blockade of the a3pi integrin only, as was seen. Regardless, blockade of the a3pi 

integrin only accounts for about half of the adhesion seen, indicating other factors are 

involved. One possibility would include the galectins, a family of carbohydrate binding 

proteins that have high affinity for P-galactoside sugars (Barondes et al., 1994). Galectin-

3, a major non-integrin laminin binding protein (Sato et al., 1992), has particularly been 

demonstrated to induce capillary tube formation (Nangia-Makker et al., 2000). Studies 

thus far have not investigated the presence of galectin-3 in this system. 
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Summary 

In conclusion, the results from this study support the hypothesis that laminin-S is 

an essential component of the HaCaT conditioned medium responsible for promoting 

HMVEC adhesion to modified ePTFE in an integrin-mediated mechanism. In addition, 

pure laminin-5 modification of ePTFE alters the surface from one that supports limited 

endothelial cell interaction, to one that promotes a positive endothelial cell interaction. 

This adhesion is, in part, mediated by integrins, particularly the a3|31 integrin. Laminin-5 

modifications of biomedical implants could potentially improve device performance, 

particularly synthetic vascular grafts requiring an endothelial monolayer on the lumenal 

surface. 
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FIGURE 7.1. Western blot probing for extracellular matrix proteins deposited by the 
HaCaT cell conditioned medium (HCM) onto ePTFE. SDS polyacrylamide gels (7%) 
under reducing conditions were loaded with equal concentrations of protein/lane. Protein 
standards consisted of collagen I (CI), collagen FV (CIV), fibronectin (FN), laminin 
l(Lnl) and HaCaT cell lysate (Ln5). FN, Lnl, and Ln5 (P3 chain) were observed in the 
HCM deposited protein. 
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FIGURE 11. Western blot demonstrating the removal of laminin-5 from the HaCaT 
conditioned medium (B). SDS polyacrylamide gels (7%) under reducing conditions were 
loaded with 20ng of protein/lane. Each of the three chains of laminin-5, a3, (33, and Y2 
were probed for. The relative densities of each band pre- and post- flow over the BM165 
immunafi^inity column are presented graphically (A). 
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FIGURE 7.3. Western Blot probing for the presence of fibronectin (Fn), laminin 1 (Lnl), 
and laminin-5 (Ln5) in the HaCaT conditioned medium pre and post passage over the 
immunoafRnity column to remove laminin-5. SDS polyacrylamide gels (7%) under 
reducing conditions were loaded with 20^g of protein/lane. Laminin-S is selectively 
removed, maintaining concentrations of fibronectin and laminin 1. 
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FIGURE 7.4. Scanning electron micrograph of the lumenal surface of the ePTFE tubes 
sodded with human microvessel endothelial cells. EPTFE modifications include HaCaT 
conditioned medium (HCM) (A), HCM minus laminin-5 (B), pure laminin-5 (C), DCF-
PBS (D) and non-modified ePTFE (E). Bar = 100 jun. 
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FIGURE 7.5. Histogram of human microvessel endothelial cell adhesion to modified 
ePTFE. Values expressed as mean number of cells per HPF. * denotes significantly 
different from the HCM group, # denotes significantly different from the Non-modified 
group, p < 0.05. 
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FIGURE 7.6. Histogram of human microvessel endothelial cell adhesion to ECM coated 
Non-T.C. polystyrene. Coatings used were collagen I gelatin (CI gelatin), collagen IV 
(CrV), fibronectin (FN), laminin l(Lnl), and pure laminin-5 (Ln5). Values presented as 
mean Optical Density ± SEM. * denotes significantly different from Non-T.C., p < 0.05. 
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FIGURE 7.7. Histogram of human microvessel endothelial cell adhesion blocking on 
Non-T.C. polystyrene coated with laminin-5. Values presented as mean Optical Density ± 
SEM. * denotes significantly different from no antibody treatment (No Ab), # denotes 
significantly different from anti-alpha 6 treatment (alpha 6), ^ denotes significantly 
different from BM145 antibody treatment,' denotes significantly different from all other 
groups, p < 0.05. 
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8. ANGIOGENESIS AND NEOVASCULARIZATION OF LAMININ-5 MODIFIED 

ePTFE 

Introduction 

Conunercially available porous polymers used in the construction of biomedical 

implant devices perform at a clinically unsatisfactory level due to adverse tissue response 

such as fibrous encapsulation and chronic inflammation (Anderson, 1988;Bellon et al., 

1996a;Didisheim, 1994;Schreuders et al., 1988a). The stimulation of an altered tissue 

response such as new vessel growth has been hypothesized to improve the performance 

of several implant devices including glucose sensors, immimoisolation devices, and 

vascular grafts (Greisler, 1997;Merzkirch et al., 2001;Sanders et al., 2000;Updike et al., 

2000). The inclusion of porosity within the polymers used in these devices has been 

demonstrated to improve tissue integration of the polymer, but the vascular response 

requires additional stimulation to sufRciently improve device performance (Brauker et 

al., 1995;Kohler et al., 1992;Sharkawy et al., 1998a;Wesolowsld et al., 1961). Thus, as 

the knowledge of angiogenic factors developed, so did the incorporation of such 

angiogenic factors into commercially available polymers in order to stimulate an 

angiogenic response (Greisler et al., 1987;Greisleretal., 1992b;Shiremanetal., 1999). 

The modification of ePTFE, a material commonly used in the construction of 

biomedical implant devices, with a laminin-5 rich ECM resulted in the successful 

stimulation of angiogenesis, neovascularization, and endothelialization (chapter 3,4,5). 

However, due to the presence of additional proteins in association with these 
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modifications, the role of laminin-5 in these vascular responses caimot be clearly 

determined. Furthermore, it is not clear whether the new vessel growth associated with 

the laminin-S rich modification results from the direct interaction of endothelial cells with 

the matrix, or from secondary responses like inflanunatory cell interactions with the 

matrix resulting in increased production of angiogenic factors. The selective removal of 

laminin-5 from the matrices would facilitate the deduction of a role for lamimn-5 in the 

increased angiogenesis and neovascularization associated with the ECM modified 

polymers. Additionally, the use of pure laminin-5 would determine if this single ECM 

protein is sufficient to promote angiogenesis and neovascularization in association with 

these polymer implants. 

The application of pure laminin-5 to keratinocyte sheet grafts has been shown to 

significantly increase grafting success rates (Takeda et al., 1999). This success likely 

resulted from the increased rate of formation of the new basement membrane between the 

donor and recipient tissues. The use of laminin-5 for improved tissue integration has not 

been applied to synthetic biomedical implants. However, laminin-5 might function in a 

similar manner, facilitating the interaction of the graft with the endothelium. 

The current study will determine if laminin-5 is involved in the angiogenesis and 

neovascularization associated with HCM-modified ePTFE. Additionally, the use of pure 

laminin-5 as a modification of ePTFE will be evaluated for its ability to engineer a tissue 

specific angiogenic and neovascular response in association with the implant. The 

hypothesis is that laminin-5 is an essential component of the HaCaT conditioned medium 

responsible for promoting vascularization of the modified-ePTFE. 
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Materials and Methods 

Cell culture 

Performed as described in Chapter 7 for the HaCaT cells. Cell lines used in this 

study included the HaCaT and Q-4. 

Purification/removal oflaminin-5 from the conditioned medium 

Performed as described in Chapter 7. Laminin-5 was purified/removed from the 

HaCaT conditioned medium. 

ePTFE surface modification 

Performed as described in Chapter 7. Substrates used for modification included 

HaCaT conditioned medium (HCM), HaCaT conditioned medium without Laminin-5 

(HCM -Ln5), DCF-PBS, and purified laminin-5 (Ln5) (prepared in Dr. Cress' lab). 

Study design 

All animal studies were performed with protocols approved by the University of 

Arizona lACUC and according to the National Institutes of Health Guidelines for the 

Care and Use of Laboratory Animals (#85-23 Rev. 1985). Studies in this chapter were 

limited to the subcutaneous tissue of mice. Surgeries were performed as previously 

described by Salzmann et al. (Salzmann et al., 1997). Briefly, For each procedure the 

animals were anesthetized with an intraperitoneal injection of 2mg/0.01Kg avertin prior 

to the surgery. EPTFE discs (punches prepared from the tubular material using a 4mm 

biopsy punch) were implanted into the right and left rear haunch subcutaneous tissue in a 

random order with a total of two samples per animal (n=4/group). Samples were 

removed after the five week specified implant duration and placed in Histochoice™ 
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fixative (Amresco, Solon, OH). Samples consisted of either HaCaT conditioned medium 

(HCM), HCM -Laminin-5, Laminin-5, DCF-PBS or denucleated, and non-modified 

ePTFE implanted in a random order with a total of four samples per animal (n=4/group). 

Post modification, ePTFE discs were implanted subcutaneously in a total of fifteen, male 

129-SVJmice. 

Histology and immmohistochemistry 

Tissue samples were dehydrated, embedded in parafRn, sectioned at 6^m and 

processed for histological and immunocytochemical evaluation. General histological 

structure was determined with hematoxylin and eosin staining. The vasculature was 

identified using the lectin, Griffonia simplicifolia-1 (biotinylated Iectin-GS-1; 1:250; 

Vector Laboratories, Burlingame, Ca). Samples were evaluated immunocytochemically 

for the presence of activated macrophages using an antibody against the F4/80 160lcD 

glyoprotein antigen (biotin-monoclonal, 1:100 Serotec, Inc., Raleigh, NC). A peroxidase 

conjugated streptavidine kit (Dako Inc., Carpinteria, Ca) was used to detect binding for 

both evaluations, and samples were reacted with 3, 3' diaminobenzidine (DAB) substrate 

for visualization. Methyl green staining was used to identify background nuclei following 

both immunocytochemical techniques. 

Fibrous encapsulation evaluation 

An evaluation of the tissue capsule that develops surrounding implants was 

performed on the first series of implants (HCM series). Five random images were 

captured at either the lumenal or ablumenal edge of the polymer from each H&E stained 

section using a 20x objective and a sony catseye camera. These images were categorized 
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based on their position relative to the ePTFE disc (lumenal, ablumenal, edge or mid-disc) 

as well as capsule tissue type (fibrous or cellular capsule). Using a computer based 

morphmetric system (Metamorph Imaging Systems Software; Universal Imaging 

Corporation, West Chester, PA) three measurements of the capsule thickness were taken 

from each image, totaling fifteen measurements per sample (five images per sample, 

three measurements per image). Values were expressed as mean thickness ^m± s.e.m. 

Vessel density 

Evaluations will be limited to the ablumenal surface. This is the surface that 

interfaces with tissue when used as a vascular graft, and is thus more representative of the 

clinical application and tissue response, and no differences have been observed between 

the vessel densities of these two surfaces. 

Vascular density was evaluated using the sections stained with GS-1 viewed 

under a 40x water-inmiersion objective lens. The number of cross sectional and 

longitudinal vessel profiles were counted per high powered fields (HPF = 54 x 54^im^). 

The criterion for a positive vessel were, 1) positive GSl reaction, 2) an identifiable 

lumen, 3) located within the designated HPF area. These HPF were randomly selected at 

the tissue-polymer interface, along the entire outer curve of the polymer, 10 fields in the 

tissue and 10 fields in the ePTFE independently selected. Evaluations in this chapter were 

limited to the ablumenal surface. Vascular density for each implant group was expressed 

as mean number of vessels/mm" ± s.e.m. 
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Inflammation 

Inflammatory response was evaluated using the sections stained with F4/80 

viewed under a 40x water-immersion objective lens. Using a 54 x 54^m^ high power 

field, 10 fields were randomly selected at the tissue-polymer interface, within the 

ablumenal (n=lO) tissue surrounding the polymer. Evaluations in this chapter were 

limited to the ablumenal surface. F4/80 positively staining cells within the HPF were 

counted. Inflammatory response for each implant group was expressed as mean number 

of EDI positive cells/mm^ ± s.e.m. 

Statistics 

All statistical comparisons were completed using an ANOVA followed by 

Student-Newman-Keuls post-hoc analysis. Differences were considered statistically 

significant at p < 0.05. 
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Results 

Vessel density 

Implant groups were evaluated for their ability to produce an angiogenic and 

neovascular response. The HCM and pure Iaminin-5 groups, both containing laminin-5 in 

their modification, had a greater presence of vessels both in the tissue surrounding and 

within the pores of the ePTFE compared to other modification groups (figure 8.1). 

Additionally, the pure laminin-5 modification had a statistically increased angiogenic 

response compared to the HCM -Ln5, DCF-PBS, and non-modified groups (figure 8.2 a), 

and the HCM group had statistically increased neovascularization compared to the non-

modified group (figure 8.2 b). 

Inflammatory response 

The inflammatory response, characterized by EDI positive reactivity, did not 

reflect the pattern of the vascular response. Differences between the implant groups were 

difficult to detect histologically (figure 8.3). Quantitatively, only the HCM group resulted 

in an inflammatory response that was statistically greater than the non-modified group 

(figure 8.4). No other differences were significant, although trends were present. The 

HCM vs. DCF-PBS and the HCM -laminin-5 vs. non-modified both approached 

statistical significance (p= 0.060 and 0.079 respectively). 

Tissue encapsulation 

Examination of the histology sections showed that the capsules associated with 

the laminin-5 containing groups had a different architecture than the other modification 

groups (Figure 8.5). The HCM group has a highly cellular and disorganized capsule and 
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the pure laminin-S group has a thin, less organized capsule. Additionally, foreign body 

giant cells were seen in association with the HCM-modified and laminin-5 groups. 

Measurement of the capsule thickness determined that the capsules associated with the 

laminin-5 group were significantly thirmer than those of the HCM group on both the 

ablumenal and lumenal surfaces, and the capsules associated with the DCF-PBS group 

were thinner than the HCM group on the lumenal surface (Table 8.1). The relative 

percentage of capsules classified as cellular was varied between the groups. However, 

HCM modifications, with or without laminin-S, resulted in an increased percentage of 

cellular capsules. The pure laminin-5 group however, did not develop highly cellular 

capsules. 

Table 8.1 Tissue capsule thickness in iim ±s.e.m. 
Subcutaneous 

Surface Thickness % Cellular 
HCM Ablumenal 58.6±5 6 

Lumenal 106±9 44 
HCM- Ablumenal 58.7±5 12 
Laminin-5 Lumenal 89±10 34 
Laminin-5 Ablumenal 46±4^ 0 

Lumenal 50±7^ 6 
DCF-PBS Ablumenal 45±3 0 

Lumenal 82±19* 28 
Non-modified Ablumenal 61±6 0 

Lumenal 81±15 24 

^ Significantly different from HCM-modified ablumenal thickness 
* Significantly different from HCM-modified lumenal thickness 
P<0.05. 
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Discussion 

Previous studies in chapters 3, 4, and 5 have demonstrated that modification of 

ePTFE, a material commonly used in the construction of biomedical implant devices, 

with a laminin-5 rich ECM results in the successful stimulation of angiogenesis, 

neovascularization, and endothelialization. The results of the current study support the 

hypothesis that laminin-S is an essential component of the HaCaT conditioned medium 

responsible for promoting vascularization of the modified-ePTFE. Additionally, the use 

of pure Iaminin-5 to modify commercially available ePTFE is sufficient to promote 

angiogenesis associated with the implant. This vascular response is also accompanied by 

a decrease in the cellular content of the surrounding capsule, and the presence of a thinner 

capsule compared to that of the HCM-modification. 

Vessel density 

The association of laminin-5 with a vascular response is novel, as it is 

predominately known for its role in the basement membrane of epithelial tissues 

associated with anchoring filaments that connect the hemidesmosomes to the anchoring 

fibrils (Haber et al., 1985). It is plausible that laminin-5 performs a similar flmction in 

the vasculature, and there is an extension of this function to the new vessels associated 

with modified ePTFE. Homen et al. performed an evaluation looking at the endothelial 

cell adhesion complex that formed between the a6p4 integrin, a lamiiun-5 receptor, and 

laminin-5 (Homan et al., 1998). They determined that endothelial cells develop a 

hemidesmosome like structure between laminin-5 and the a6p4 integrin and associate 

with vimentin filaments. Additionally, studies performed by Wagner et al. provide 
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evidence supporting a potential "support" mechanism for laminin-5 in the vascular 

response associated with modified ePTFE (Wagner et al., 1997;Wagner et al., 2000). 

Their research pertains to interaction between the endothelium, the a6p4 integrin, and 

laminin-5. Their work focused on the loss of laminin-5 and disruption of the blood-brain 

barrier during ischemia. They found that a6p4 was localized to astrocytes at the 

astrocyte-vessel interface and co-localized with laminin-5. Additionally, laminin-5 

production by astrocytes increased in the presence of endothelial cells. These results 

indicate that laminin-5 is required by endothelial cells and astrocytes for stable 

intercellular interactions and maintenance of the blood-brain barrier. While this may 

only be observed physiologically in the vasculature of the brain, a similar relationship 

may develop with any vessel when presented with laminin-5. Possibly, laminin-5 is used 

by the pericytes and endothelial cells associated with modified ePTFE for stable 

interactions and tube formation, particularly in the adverse microenvironment 

surrounding a biomedical implant. 

The results of the current study demonstrate that there is a relationship between 

the observed new vessel growth and the presence of laminin-5 on ePTFE. In this 

evaluation, the HCM-modification resulted in a significant increase in the neovascular 

response associated with ePTFE, and the removal of laminin-5 firom the HCM reduced 

this response. Additionally, the pure laminin-5 modification resulted in a statistically 

significant increase in the angiogenic response. Thus, laminin-5 is an essential 

component of the HCM responsible for promoting new vessel growth, and pure laminin-5 

is capable of promoting new vessel growth associated with ePTFE. 
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Inflammatory response 

Chronic inflammation is often observed with biomedical implants and is a 

deterrent to tissue integration and the proper performance of porous polymers (Anderson, 

1988). Additionally, inflammatory cells secrete many angiogenic factors (Polverini, 

1996a), and thus, the angiogenic and neovascular response associated with laminin-5 

might be secondary to the angiogenic and neovascular response resulting from 

inflammation. Consequently, an evaluation of the inflairmiatory response is pertinent 

when evaluating the vascular response associated with porous polymers. 

The vascular and inflammatory responses did not parallel each other in this study. 

The HCM-modified group, which had a significantly increased neovascular response, 

resulted in a statistically significant increase in the inflammatory response compared to 

the non-modified group. However, the pure laminin-5 modification, which showed a 

statistical increase in the angiogenic response, did not result in a significantly increased 

inflammatory response. These results indicate that the inflammatory response associated 

with the modified ePTFE does not directly affect the new vessel growth associated with 

the modifications. 

Tissue encapsulation 

An evaluation of the tissue encapsulation associated with the implants was 

included because of the negative influence fibrous capsule formation has on new vessel 

growth within porous polymers. It is possible that the simple absence of a fibrous capsule 

may facilitate new vessel growth within porous materials, particularly in the presence of 

inflammation (Salzmann, 1997). The shape of the ePTFE discs resulted in the 
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development of a thicker capsule on the lumenal surface of the discs compared to the 

ablimienal surface for all implant groups. Additionally, the lumenal surface of each of 

the implants had a greater percentage of the capsules identified as cellular than the 

ablumenal surface. These results agree with previous studies demonstrating that the curve 

of the disc implants affects the tissue response to the implant, particularly for 

subcutaneous implants (Kidd et al., 2002). Additionally, both of the modification groups 

that contained conditioned medium had a greater percentage of cellular capsules. This 

might be related to the presence of other matrix factors such as flbronectin and laminin-1 

that remain in the medium after the removal of laminin-5, promoting a cellular response. 

For example, Williams et al. demonstrated that flbronectin modification of ePTFE 

stimulated a greatly increased cellular response in subcutaneous implants (in 

preparation). Finally, the pure laminin-5 group developed capsules that were statistically 

thinner than those of the HCM-modified group and had fewer capsules classified as 

cellular than any of the other implant groups. These results indicate that the laminin-5 

modification of ePTFE might result in an implant material that functions more as a tissue 

than a polymer when implanted. 

Summary 

In conclusion, the results from this study support the hypothesis that the basement 

membrane protein laminin-5 is an essential component in the increased angiogenic 

response associated with HCM-modified ePTFE implants. Additionally, the pure 

laminin-5 modification of ePTFE stimulates an angiogenic response and does not result 

in an increased inflammatory response or the development of a thick fibrous capsule. 
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These are novel observations and provide evidence for the potential application of 

laminin-5 as a biological modification of materials, capable of engineering the specific 

tissue response of new vessel growth associated with biomedical implants. 
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FIGURE 8.1. Light micrographs of GS-1 positive vessels associated with modified and 
non-modified ePTFE implants. EPTFE cross-sections in the mouse subcutaneous tissue. 
EPTFE modifications include HaCaT conditioned medium (HCM) (A), HCM minus 
laminin-S (B), pure laminin-5 (C), DCF-PBS (D) and non-modified ePTFE (E). 
Angiogenic and neovascular vessels are seen prominently in association in the laminin-S 
containing, modifications of ePTFE (arrows). Bar = 25 ̂ m. 
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FIGURE 8.2. Histogram of angiogenesis (A) and neovascularization (B) associated with 
modified and non-modified ePTFE implanted in mouse subcutaneous tissue. Values 
expressed as mean number of vessels per mm^ ± SEM. * denotes significantly different 
from HCM-LnS, DCF-PBS, and Non-modified (A), * denotes significantly different from 
Non-modified (B), p < 0.05. 
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FIGURE 8.3. Light micrographs of F4/80 positive cells associated with modified and 
non-modified ePTFE implants. EPTFE cross-sections in the mouse subcutaneous tissue. 
EPTFE modifications include HaCaT conditioned medium (HCM) (A), HCM minus 
laminin-S (B), pure laminin-S (C), DCF-PBS (D) and non-modified ePTFE (E). 
Positively stained cells are identifiable by the dark tone. Bar = 25 ̂ un. 
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FIGURE 8.4. Histogram of F4/80 positive cells associated with modified and non-
modified ePTFE. F4/80 positive cells associated with ePTFE implanted in the mouse 
subcutaneous tissue. Values expressed as mean number of cells per mm^ ± SEM. * 
denotes significantly different from Non-modified, p < 0.05. 
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FIGURE 8.5. Light micrographs of hematoxylin and eosin-stained tissue cross-sections 
containing modified and non-modified ePTFE implanted in the mouse subcutaneous 
tissue. EPTFE modifications include HaCaT conditioned medium (HCM) (A), HCM 
minus laminin-5 (B), pure laminin-5 (C), DCF-PBS (D) and non-modified ePTFE (E). 
Bar = 25^m. 
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9. CONCLUSIONS AND DISCUSSION 

Several approaches exist for improving the materials used in the construction of 

biomedical implants, with the ultimate goal of promoting optimal device function for the 

life of the patient. The materials currently used are subject to adverse biological tissue 

responses such as infection, the development of an avascular fibrous capsule, and chronic 

inflammation (Anderson, 1988;Bellon et al., l996a;Didisheim, 1994;Schreuders et al., 

1988a). Originally, materials used in the construction of such devices were selected based 

on their strength and durability, and modifications were made in reaction to adverse 

tissue responses. However, as the understanding of the mechanisms involved in 

biological processes increased, the approach to the selection and development of 

materials for biomedical implants also changed. Thus, the fields of materials 

development and biology converged, and, materials are now developed and modified 

with the goal of engineering a particular tissue response rather than in reaction to a tissue 

response (Ratner, 1993). As the knowledge of the various factors involved in biological 

processes has developed, the use of these biological factors in the preparation and 

modification of materials has increased. 

The ability to improve tissue integration and new vessel growth around and within 

implants has been hypothesized to improve device performance (De Vos et al., 

1997;Didisheim, 1993;Hunter et al., 1999;Kohler et al., 1992;Sharkawy et al., 

l998a;Updike et al., 2000). Porous materials that allow cells to migrate into the implant 

perform better than non-porous materials (Brauker et al., 1995;Clowes et al.. 
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1986;Sharkawy et al., 1998b). Other examples include the use of biologically active 

molecules to improve tissue integration. This often involves the addition of either 

angiogenic growth factors or ECM proteins to the material to stimulate angiogenesis and 

improve cell seeding respectively. Growth factors have also been successfully 

demonstrated to stimulate angiogenic responses in indwelling glucose sensors and 

immunoisolation devices (De Vos et al., 1997;Hunter et al., 1999), and to increase 

seeding densities on vascular grafts (Wissink et al., 2000c;Wissink et al., 2000a). 

However, growth factor treatments have not successfiilly demonstrated the promotion of 

neovascularization and endothelialization of vascular grafts, possibly due to the 

specificity of individual growth factors and the lack of a suitable microenvironment for 

new vessel growth (Tassiopoulos et al., 2000;Xue et al., 2001). Extracellular matrix 

modifications have predominantly been used to improve seeding densities on vascular 

grafts and not for promoting new vessel growth (Chupa et al., 2000;Hasson et al., 

l986;Pratt et al., 1988;Vohra et al., 1991 ;Yu H et al., 2001;Zilla et al., 1989). Yet, he 

ECM is very important in the angiogenic process, not only for contributing to the pool of 

angiogenic factors, but also for stabilizing endothelial cells, facilitating tube formation 

and stabilization (Dike et al., 1999;Giordano et al., 200I;Herbst et al., 1988;Ingber et al., 

1989a;Ruoslahti et al., 1997). With these issues in mind, the overall goal of this 

dissertation was to demonstrate that angiogenesis, neovascularization, and 

endothelialization of porous polymers could be stimulated using extracellular matrix 

proteins rather than soluble growth factors, and to identify the specific role of the ECM 

protein laminin-S in these vascular responses. The work within this dissertation followed 
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a progression from the use of a complete, cell-mediated mechanism for deposition of 

insoluble extracellular matrix proteins onto the surface of a porous polymer, to the 

identification of a single extracellular matrix protein capable of stimulating a vascular 

response. The following is a brief summary of the stated hypotheses and the methods and 

results utilized in support of these hypotheses, personal perspectives on the results, and a 

proposed, in-depth model describing a potential mechanism for the observed responses. 

This section ends with a description of the future research directives in this area. 

Summary 

Four hypotheses relating to the establishment of an extracellular matrix 

enviroiunent on and within a porous polymer to promote angiogenesis, 

neovascularization, and endothelialization of that material were tested. The first 

hypothesis stated that modification of ePTFE with insoluble extracellular matrix proteins 

would stimulate a tissue associated angiogenic response as well as a neovascular response 

within the interstices of the polymer. Evidence in support of this hypothesis was shown 

in chapters 2 and 3. In these chapters it was demonstrated that a cell-mediated 

mechanism for ECM deposition onto the surface of ePTFE resulted in an angiogenic and 

neovascular response in both the subcutaneous and adipose tissue locations of the rat. The 

resulting vasculature consisted of arterioles, capillaries, and venules, with a significant 

increase in the number of capillaries. A rat tumorigenic cell line, 804-G, was evaluated as 

the source of ECM initially because tumors are known to produce a pro-angiogenic 

environment. In Chapter 3, this idea was expanded upon to determine whether the 
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angiogenic and neovascular response seen in Chapter 2 was specific to the matrix of the 

804-G cell line, or dependent upon other variables such as tumorigenicity of the cells, the 

species of origin, or a particular laminin species. Thus, ECM modifications of porous 

polymers were evaluated from additional cell lines. Other cell-mediated modifications 

were found to enhance the angiogenic and neovascular response to implants in the rat 

subcutaneous and adipose tissue locations, but only those ECM-modifications that 

contained the extracellular matrix protein laminin-5 resulted in statistically significant 

increased angiogenesis and neovasculariztion. Collectively, these data lead to the next 

hypothesis. 

Hypothesis two stated that the modification of ePTFE with insoluble extracellular 

matrix proteins would result in endothelialization of a 1mm interpositional vascular graft. 

For this study, the HaCaT and 11-4 human cell lines were used because they both produce 

laminin-5 rich matrices, and are non-tumorigenic and tumorigenic human cell lines, 

respectively. Modification of the ablumenal surface of a 1mm internal diameter ePTFE 

interpositional vascular graft with 11-4 ECM resulted in the formation of an endothelial 

cell monolayer when implanted into the descending aorta of rats. The HaCaT ECM-

modification resulted in a variable response, producing either the absence of a cellular 

lining or a hyperplastic lining. The fact that both modifications stimulated a vascular 

response suggests that laminin-5 is involved in this response. However, the difference in 

the endothelialization may result from the tumorigenic nature of the II-4 cell line. The II-

4 cell line may produce additional factors that affect endothelial cell adhesion and 

stability in a positive manner. Additionally, although not reported, data suggests that the 
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n-4 cell line produces a higher concentration of laminin-S than the HaCaT cell line. It is 

plausible that there may be a concentration dependent mechanism for the stable formation 

of an endothelial monolayer, and the II-4 cell line might produce a concentration most 

similar to that required in vivo. 

In order to further understand the role of laminin-S in the proposed vascular 

responses and to develop a modification of ePTFE that could translate to clinical use, a 

third aim and hypothesis were developed and tested. Hypothesis three stated that 

conditioned medium could be used to modify ePTFE with soluble laminin-5 to promote 

endothelial cell attachment in vitro as well as angiogenesis and neovascularization in 

vivo. The data presented in Chapter 5 supports this hypothesis. The conditioned 

medium of laminin-5 producing cell lines was selected as the alternative source of 

laminin-5 rich ECM, facilitating further experimentation regarding the role of laminin-5 

through the specific removal of laminin-5 with an iimnunoaffmity column. Thus, the 

tissue response to implants with the conditioned medium modification was compared to 

that of the cell-mediated method. This was an important evaluation because the 

conditioned medium was hypothesized to be a source of soluble laminin-5 that could be 

passively adsorbed onto the surface of the polymer, and the cell-mediated deposition 

contained a cell associated insoluble laminin-5. The two forms of laminin-5 could 

possibly express different epitopes, be subject to different proteolytic processing, and 

thus have different functional effects (Gagnoux-Palacios et al., 2001;Plopper et al., 

1996;Quaranta et al., 1997). The conditioned medium firom the HaCaT and II-4 cell 

lines contained laminin-5, which was successfully deposited onto the surface of ePTFE 
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using the bioreactor system. The conditioned medium modification resulted in 

statistically significant increases in HMVEC adhesion to ePTFE as well as angiogenesis 

and neovascularization within implants in both the rat adipose and subcutaneous tissues. 

The specific vessel response consisted of capillaries, arterioles, and venules, with a 

significant increase in the number of capillaries in the subcutaneous tissue, and an 

increased percentage of venules in the adipose tissue. In this evaluation, the conditioned 

medium modifications stimulated greater neovascularization than the cell-mediated 

modification and, the tissue capsules that formed in association with these implants were 

of comparable thickness. However, a greater percentage of the capsules associated with 

conditioned medium modified ePTFE were cellular, rather than fibrous, in nature. These 

differences could be related to the soluble nature of the modification, and the fact that 

conditioned medium may present a changed spectrum of growth factors, etc. 

Consequently, soluble factors may be diffusing out from the surface of the polymer, 

recruiting a cellular infiltration. Additionally, due to the tissue specific presence of these 

vessel responses, there may be tissue specific interactions with the conditioned medium. 

In order to determine the importance of laminin-5 in the observed HMVEC 

adhesion, angiogenesis, and neovascularization associated with conditioned medium 

modified ePTFE, a fourth aim and hypothesis were developed and tested. Hypothesis 

number four stated that laminin-5 is an essential component of the HaCaT conditioned 

medium responsible for promoting cell adhesion to and vascularization of modified 

ePTFE. The evidence in support of this hypothesis is presented in Chapters 7 and 8. The 

experiments performed in these chapters directly tested the hypothesis by selectively 
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removing laminin-5 from HaCaT conditioned medium (HCM), while also using purified 

laminin-5 in both in vitro and in vivo environments. In Chapter 7, selective removal of 

laminin-5 from HaCaT conditioned medium (HCM) demonstrated that laminin-5 is an 

essential component of the HCM responsible for increased HMVEC adhesion to HCM-

modified ePTFE, and pure laminin-5 was shown to support HMVEC adhesion to ePTFE 

and non-T.C. treated polystyrene plates. Furthermore, HMVEC adhesion and spreading 

on pure laminin-5 was mediated through a combination of the a6p4 and a3pi integrins as 

well as non-integrin receptors. Thus, pure laminin-5 successfiilly alters the ePTFE 

surface from one that supports limited endothelial cell interaction, to one that supports 

endothelial cell adhesion. The subsequent in vivo experiments were performed in the 

mouse. Mouse models are desired because it is possible to evaluate the importance of 

specific genes or cell types using various genetic models available only in mice (future 

research directives). The data presented in Chapter 6 showed that the mouse and rat have 

similar angiogenic and neovascular responses to implanted, non-modified ePTFE discs. 

In Chapter 8, the in vivo evaluation determined that laminin-5 is an essential component 

of the HCM-modification of ePTFE responsible for promoting angiogenesis and 

neovascularization in the mouse subcutaneous tissue implant location. While HCM-

modifiied ePTFE resulted in significantly increased neovascularization, HCM-minus 

laminin-5 did not stimulate increased neovascularization. Furthermore, both the HCM 

and HCM-minus laminin-5 modification groups showed increased cellularity in the tissue 

capsules that developed in association with the implants, possibly due to other soluble 

factors present in the medium as discussed under aim 3. The use of pure laminin-5 
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promoted a significantly increased angiogenic response and resulted in a significantly 

decreased capsule thickness compared to the HCM-modified group that was not cellular 

in nature. 

The in vivo evaluations performed in this dissertation utilized a rodent model of 

polymer disc implants, with the initial studies performed in rat adipose and subcutaneous 

tissues. The use of disc implants into rodents rather than whole devices in large animals 

allowed for a high-through-put evaluation of the vascular and tissue responses to the 

various treatment groups. Both the subcutaneous and adipose tissue sites were utilized for 

implant studies because of the different cellular content of these two tissues. The adipose 

tissue of the rat is a better histological representation of the subcutaneous tissue found in 

humans (Williams et al., 1997). Additionally, in the rat, the subcutaneous tissue is prone 

to the formation of dense fibrous encapsulation, less inflammation, and fewer blood 

vessels surrounding the implanted polymer when compared to the adipose tissue 

(Salzmann et al., 1997;Salzmannetal., 1999). 

Included in these in vivo studies was the evaluation of various tissue responses 

that could potentially influence the modification stimulated angiogenesis and 

neovascularization within porous polymers. Vessel density, vessel type distribution 

(relative percentage of capillaries, arterioles, and venules), as well as inflammatory 

response and tissue encapsulation (capsule thickness and consistency, cellular or fibrous), 

were all characterized. The first two analyses were important to determine if the new 

vessels and microvascular network developing in the tissue surrounding the polymer 

differed from that of native tissue. Increased inflanrunation and tissue encapsulation are 
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normal aspects of implant associated healing, and are often associated with decreased 

vessel density. Including these evaluations was important because the observed increased 

angiogenic response could be secondary to alterations in one or both of these tissue 

responses, rather than a direct result of the modification. Overall, the presence of laminin-

5 in a modification type resulted in an increased vascular response. However, no clear 

pattern existed between a modification type and the inflammatory or tissue capsule 

formation. In general, for these evaluations each tissue implant location responded 

differently to ECM modified-ePTFE with the subcutaneous tissue implantation site 

resulting in an increased inflammatory response compared to non-modified, and the 

adipose tissue implantation site developing a cellular capsule rather than a fibrous one. 

Additionally, there was a tendency for the conditioned medium modification to develop a 

more cellular capsule than the cell-mediated modification. Differences in capsule 

thickness were not seen between the two modification types, but both tended to develop 

thicker capsules than the non-modified counterpart. Finally, the pure laminin-5 

modification differed firom the conditioned medium and cell-mediated modifications 

having less inflammation and capsule formation. 

Personal Perspectives 

Based on the results fi-om experiments performed within this dissertation, there 

are certain things that are convincingly true about the current system. Both the cell 

mediated and conditioned medium modification methods can be used to successfully 

deposit protein onto the surface of ePTFE. The deposition of a complete matrix results in 
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an enhanced vascular response, angiogenesis and neovascularization, associated with the 

ePTFE. However, when laminin-S is present in the matrix modification, the vascular 

response is significantly increased compared to non-modified ePTFE. Furthermore, the 

use of a laminin-5 rich matrix modification promotes vascular integration of ePTFE 

interpositional vascular grafts in the rat, resulting in the formation of a lumenal lining. In 

the absence of laminin-5, the vascular response observed in association with the complete 

matrix modification is decreased. The modification of ePTFE with pure laminin-5 results 

in a decreased overall tissue response, capsule formation and inflammation, compared to 

the complete matrix modifications. Finally, it is clear that human microvessel endothelial 

cells interact positively with laminin-5. This interaction is mediated by integrins and 

promotes cell spreading onto ePTFE surfaces. 

Conversely, several things remain unclear about this system as well. It is not clear 

how laminin-5 is deposited onto the surface of the ePTFE to remain attached. For the 

cell mediated deposition, this attachment is logical because of the presence of a visible 

matrix on the surface, but for the conditioned medium modification depositing soluble 

proteins, it is less obvious how the proteins attach to the surface of the ePTFE. 

Additionally, with respect to differences in the modification type, it is not clear if 

laminin-5 is processed differently within these modification types and/or if these 

differences were the result of additional products present in the different ECM 

modifications. This might account for some of the differences in the tissue responses 

between the modification types. 
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Another aspect of the results that is not clear is the mechanism by which the 

vascular response to ePTFE is propagated. Is the vascular response a direct result of the 

interaction of vessels and endothelial cells with laminin-S, resulting in a stabilization 

effect, or is it a secondary or down stream event resulting from other altered tissue 

response to laminin-5. For example, it is not determinable if the vascular responses are 

secondary to alterations in the capsule formation associated with the implant such as loss 

of the "vasculo-inhibitory" nature of a thick, collagen I containing capsule. In the adipose 

tissue and with the conditioned medium modification, there was an increased cellular 

content in the capsule that developed in association with the ePTFE implant. However, 

this did not occur with the same frequency for implants in the subcutaneous tissue, which 

often developed thick fibrous capsules. Inflammatory cell interaction with laminin-5 may 

also result in the subsequent release of angiogenic factors, thus positively affecting the 

angiogenic response to modified ePTFE. In the subcutaneous implants, there was 

evidence of increased inflammation, but this was not the case in the adipose tissue. The 

use of pure lamimn-5 however, seems to bypass potentially adverse tissue responses such 

as capsule formation and inflammation, allowing for increased angiogenesis. Thus the 

possible role of inflammation and tissue capsule formation in the observed vascular 

responses is not clear. 

Finally, fi-om these studies, it is not determinable what non-integrin receptors 

might mediate endothelial cell interaction with laminin-5, nor if endothelial cells utilize 

laminin-5 in the same fashion as epithelial cells. Meaning, does binding of non-processed 
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and processed laminin-5 affect endothelial cell signaling and phenotype (migratory or 

stationary) similarly to epithelial cells? 

Based on what is clearly true about the current system and the information in the 

literature, a model can be developed providing a possible mechanism of action of the 

laminin-5 modification of ePTFE resulting in vascular integration in vivo. 

Model 

Currently, very little data exists in the literature pertaining to the interaction of the 

endothelium and laminin-5, and the consequent functional result of this interaction. 

Kikkawa et al. first demonstrated endothelial cell adherence to ladsin, now known to be 

laminin-5, (Kikkawa et al., 1996). They also demonstrated that ladsin stimulates 

chemotactic migration of endothelial cells (Kikkawa et al., 1996). Homen et al. 

described the interaction of endothelial cells with laminin 5 through the a6p4 integrin 

(Homan et al., 1998). In these experiments, p4 integrin was evaluated for localization 

with a6 integrin at adhesion structures, and with laminin-5 (Hieda et al., 1992;Homan et 

al., 1998). The data demonstrated that there was an interaction of the a6p4 integrin with 

vimentin intermediate filaments, regulated by the presence or absence of laminin-5 and, 

the a6p4 integrin/vimentin complex exhibited hemidesmosome type II structures defined 

as the presence of HDl/plectin but absence of BP180 and BP230 (characteristic proteins 

of the HD type I complex) (Homan et al., 1998;Uematsu et al., 1994). Thus, a stable 

adhesion complex is capable of developing between the endothelium and laminin-5. 

Furthermore, and as covered in the introduction, very little data exists in the literature 
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regarding the general in vivo association of laminin-5 with the vasculature. Laminin-5 has 

been observed as a major component of the blood-brain barrier (Jones et al., 1991), 

indicating the importance of laminin-5 in EC-asctrocyte interactions and a possible 

support role for laminin-5 within the vasculature. Evidence of a6p4 integrin regulation 

at vascular sprouts (Enenstein et al., 1994) and with bFGF treatment (Klein et al., 1993), 

suggests that this integrin, a laminin-5 receptor may also be involved in angiogenic 

events. 

Based on the positive interaction between endothelial cells and iaminin-5, 

modification of ePTFE with laminin-5 or a laminin-5 rich matrix might alter the tissue-

material interface from a surface that deters endothelial cells to one that promotes 

endothelial cell interaction, resulting in increased angiogenesis and neovascularization 

(figure 9.1). Binding of the basement membrane protein laminin-5 by the capillary 

endothelial cells that develop during the granulation phase of implant associated wound 

healing might stabilize tube formation and promote continued vessel growth. The 

following description provides a proposed mechanism for this model. 
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FIGURE 9.1. Schematic of lamiiiin-5 surface modification of 
commercially available ePTFE resulting in an altered ePTFE 
surface from one that repels endothelial cells to one that 
promotes endothelial cell interaction. 

During the wound healing response associated with a non-modified ePTFE 

implant, a granulation response occurs resulting in the growth of new capillaries that are 

often leaky and incomplete (Mitchell et al., 1997). These capillaries rarely penetrate the 

pores of the polymer, possibly because of the hydrophobic nature and surface chemistry 

of these materials (Boswell et al., l999;Chandy et al., 2000). Furthermore, inflammatory 

cells chronically produce growth factors and cytokines that lead to the overproduction of 

interstitial collagen types I and III by the fibroblasts, leading to fibrosis (Mitchell et al., 

1997). The new vessels that develop as part of granulation tissue, regress from the 

wound area, as is typical in granulation tissue. In addition, the local tissue 
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microenvironment surrounding the implant rapidly becomes an adverse environment for 

any existing or new vessels, bi this polymer associated wound, there is a dominant 

presence of the interstitial collagen types I and in rather than the basement membrane 

collagen types IV and V, the latter previously demonstrated to preferentially support 

endothelial cell adhesion and tube formation (Grant et al., 1997a;Herbst et al., 

1988;Madri et al., 1983), as well as support new vessel survival mediated by integrin 

ligation and prevention of endothelial cell apoptosis (Bonarmo et al., 2000;Brooks, 1996). 

This collagen environment, in combination with the presence of a chronic inflammatory 

response, the consequent secretion of MMPs, oxygen radicals, and digestive enzymes by 

the macrophages to debride and engulf (Sunderkotter et al., 1994;Udipi et al., 2000), 

could result in a hostile and unstable environment for the endothelial cells. Furthermore, 

the rapid development of a fibrous capsule might inhibit vascular ingrowth stimulated by 

inflammatory cell secreted pro-angiogenic factors. Thus, unstable in this 

microenvironment and unable to bind basement membrane proteins or establish stable 

tubes, capillaries regress and minimal new vessel growth occurs. Leaving behind an 

avascular fibrous capsule and a chronic inflammatory response in association with the 

ePTFE implant. 

Conversely, this deleterious process is altered when laminin-5 is used to modify 

ePTFE. The presence of laminin-5, a basement membrane protein, alters the surface 

characteristics of the material to a positive environment for cell integration and vessel 

ingrowth. Consequently, the vessels that arise via the granulation tissue interact 

positively with the laminin-5 modified polymer rather than being deterred by a 
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hydrophobic surface. The intracellular signaling subsequent to interaction of endothelial 

cells with laminin-5 through integrins and non-integrin laminin receptors like galectin-3 

(Nangia-Makker et al., 2000), promotes endothelial cell sixrvival and differentiation. This 

results in the formation of stable vessels in the tissue surrounding the ePTFE and the 

growth of vessels into the pores of the ePTFE. The potential involvement of the 

inflammatory response in this vascular response can not be deciphered due to the lack of 

a consistent inflammatory response. 

Additional evidence in the literature supports this model. The angiogenic process 

is dependent on the coordinated action of soluble and insoluble factors. These soluble 

factors are essential as they often initiate the angiogenic process. However, insoluble 

ECM proteins are critical to the process as they dictate whether individual endothelial 

cells will proliferate and differentiate in response to the cues of soluble factors (Dike et 

al., 1999;Ingber et al., 1989a). Basement membrane proteins such as collagen type IV 

have been demonstrated to preferentially support endothelial cell adhesion and tube 

formation (Grant et al., 1997a;Herbst et al., 1988;Madri et al., 1983). Furthermore, 

studies have shown that altering the surface chemistry of ePTFE can improve the 

interaction of endothelial cells with ePTFE (Pratt et al., 1989;Ramires et al., 2000). 

Boswell et al. demonstrated that the simple process of denucleation resulted in an 

increased presence of neovascular vessels within ePTFE (Boswell et al., 1999). They 

also demonstrated that ePTFE modified with collagen type IV developed a greater 

neovascular presence than those modiHed with collagen type I and III. 
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In the proposed model, the tissue-material interface is modified to promote 

endothelial cell interaction with the basement membrane protein laminin-5, resulting in 

capillary stabilization rather than deterrence of endothelial cells. Laminin-5 has 

previously been shown to be a major component of the blood-brain barrier that is lost 

with loss of vascular integrity, and its production by astrocytes is increased by co-culture 

with endothelial cells (Wagner et al., 1997;Wagner et al., 2000). This indicates that 

laminin-5 may have a physiological role related to preserving vessel integrity. The 

integrin a6p4, a receptor for laminin-5, is expressed at angiogenic sprouts (Enenstein et 

al., 1994) and upregulated in endothelial cell cultures with bFGF treatment (Klein et al., 

1993). Additionally, epidermal cells present at a site of wound healing undergo a 

laminin-5 dependent process that is similar to that of endothelial cell migration, 

proliferation, and stabilization during angiogenesis. In this process the epidermal cells 

migrate out, initially interacting with the collagen that is present, and then deposit 

laminin-5 containing the 195kD form of the a3 chain (a3|3l integrin binding). This 

promotes cell migration beyond the original wound site (Nguyen et al., 2000). The a3 

chain is then processed to I65kD form further down from the leading edge (a6p4 integrin 

binding), resulting in epidermal cell quiescence (Nguyen et al., 2000). 

A similar mechanism might accompany capillary growth and stabilization within 

the pores of the laminin-5 modified ePTFE particularly because laminin-5, in either a 

soluble or cell associated form, is readily utilized by cells and incorporated within their 

own matrix (Hormia et al., 1995;Quaranta et al., 1997). Endothelial cells may initially 

incorporate laminin-5 into hemidesmosome like complexes via the a6p4 integrin (Homan 
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et al., 1998) resulting in a more stable adhesion than that of endothelial cells and other 

basement membrane proteins, promoting EC survival and proliferation via the Ras /MAP 

kinase pathway (Mainiero et al., 1997) (figure 9.2a). Subsequent to EC binding of 

laminin-5, EC might produce and incorporate additional matrix proteins, establishing a 

stable microenvironment (figure 9.2b). Furthermore, binding of endothelial cells to 

laminin-5 might permit their responsiveness to further soluble factors such as PDGF and 

Ang 1 responsible for periendothelial cell recruitment. Finally, new vessel growth might 

continue through endothelial cell migration via a3pl integrin/laminin-5 interaction 

(figure 9.2c), resulting in the improved angiogenic and neovascular response and 

endothelial cell adhesion observed with laminin-5 modified ePTFE (figure 9.3). The 

requirement of laminin-5 in physiological angiogenesis remains unclear, however when 

presented to a budding vessel, laminin-5 appears to be utilized in the angiogenic process. 

Future studies into this area are required to better understand the specifics of this 

interaction. 
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FIGURE 9.2. Schematic of laminin-S induced endothelial cell stabilization (A), matrix 
production (B), and migration (C) on modified ePTFE, resulting in new vessel 
stabilization and growth. 



261 

Angiogenesis Neovascularization Endothelialization 

Ablumen Lumen 

FIGURE 9.3. Schematic of laminin-5 stimulated angiogenesis, 
neovascularization, and endothelialization on modified, 
commercially available ePTFE. 

Future Research Directions 

Fortunately, the experiments within this dissertation provided several positive 

results from which further questions and consequently, further research directives can be 

readily developed. These research directives can be divided into three areas: 1) 

Biomaterials applications, 2) Cell Biology, and 3) Angiogenesis. Within each area there 

are multiple questions regarding laminin-5, its function, and how it interacts within the 

current system of biomaterials related angiogenesis. 

For applications of laminin-5 in biomaterials science, questions exist relating to 

how laminin-5 promotes angiogenesis. For example, is the stimulated angiogenesis a 

result of the direct interaction of endothelial cells with laminin-5 or is It secondary to 

interaction of other cell types with laminin-5 resulting in the release of pro-angiogenic 
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factors? These types of questions could be addressed through timeline implant studies 

where a combination of microarray and immunohistochemistry analyses are used to 

identify the timeline for gene and protein expression as well as the cell types that 

infiltrate the tissue surrounding the implant. Furthermore, genetic animal models such as 

knock out or transgenic mice can also be utilized to determine the role of individual 

proteins and/or enable the tracking of GFP-labeled cells during the process of vascular 

integration within polymer implants. With respect to vascular graft applications utilizing 

the in vitro establishment of an endothelial cell monolayer prior to implantation, laminin-

5 may provide the optimal substrate for promoting endothelial cell adhesion to the 

surface of ePTFE. Further experimentation and optimization for this application is also 

warranted. 

Very little is known regarding the basic cell biology of endothelial cell interaction 

with laminin-5. Consequently, a wide range of experimentation exists in this area. Future 

studies should explore endothelial cell behavior in the presence of laminin-5 asking 

questions such as: How is endothelial cell integrin expression, signaling, and cell 

phenotype altered with ligation of laminin-5? How or does this change with proteolytic 

processing of laminin-5 subchains? Do endothelial cells use the a6p4 and aSpi integrins 

to effect cell migration and adhesion on laminin-5 as epithelial cells do? Experiments 

targeted at answering these questions will provide insight into how laminin-5 regulats 

endothelial cell behavior. 

Finally, as with cell biology, very little is known regarding the influence of 

laminin-5 on angiogenesis, and/or its role in this process. For example, is laminin-5 
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expressed endogenously in vessels? Is this expression dependent on the presence of 

certain growth factors? Where is laminin-5 localized at the base of endothelial cells or 

smooth muscle cells? Is laminin-5 expression in vessels transient, such as only during the 

process of angiogenesis? What flmction does laminin-5 serve in vessels, does it facilitate 

migration, does it provide stabilization, or does it do both? The use of the 3-D 

angiogenesis system developed in Dr. Hoying's laboratory will facilitate this type of 

experimentation, and address the question of the role of laminin-5 and angiogenesis. 

In sunmiary, the data presented in this dissertation support the four proposed 

hypotheses: I) modification of ePTFE with specific insoluble extracellular matrix 

proteins does stimulate a tissue associated angiogenic response as well as a neovascular 

response within the interstices of the polymer, 2) modification of ePTFE with specific 

insoluble extracellular matrix proteins does result in endothelialization of a 1mm 

interpositional vascular graft, 3) Conditioned medium can be used to modify ePTFE with 

soluble laminin-5 to promote endothelial cell attachment as well as angiogenesis and 

neovascularization, 4) Laminin-5 is the essential component of the HaCaT conditioned 

medium responsible for promoting cell adhesion to and vascularization of modified 

ePTFE. The data presented in this dissertation suggest that laminin-5 is a viable protein 

for tissue engineering biomedical implant devices and may improve the long-term 

function of these devices by promoting the tissue specific response of angiogenesis, 

neovascularization, and endothelialization. 
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