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Abstract
Development of a small diameter (<6 mm) synthetic vascular graft with clinically acceptable
patency must overcome the inherent thrombogenicity of polymers and the development of
neointimal thickening. Establishment of an endothelial cell lining on the lumenal surface has been
hypothesized as a mechanism to improve the function of vascular grafts. The major aim of this
study was to evaluate the use of laminin type 1, covalently bound to all surfaces of ePTFE grafts
on neovascularization of the interstices and lumenal surface endothelialization.

One mm i.d. vascular grafts were surface modified through covalent attachment of laminin type 1.
Grafts were subsequently implanted as interpositional aortic grafts in rats. Following five weeks
implantation the grafts were explanted and morphologically evaluated using scanning electron
microscopy and light microscopy.

Scanning electron microscopy identified an extensive coverage of antithrombogenic cells on the
lumenal flow surface of laminin type 1 modified grafts. Histological evaluation confirmed the
presence of endothelial cells on the mid-graft lumenal surface of laminin 1 modified grafts.
Extensive neovascularization of the interstices of the laminin modified grafts occurred as
compared to control grafts. We conclude that surface modification using laminin type 1
accelerates both the neovascularization and endothelialization of porous ePTFE vascular grafts.
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INTRODUCTION
Development of a small diameter (<6 mm) synthetic vascular graft with clinically acceptable
patency must overcome the inherent thrombogenicity of polymers and the development of
neointimal thickening. One approach for improving patency consists of modifying the grafts
to promote transmural endothelialization. Endothelialization of vascular grafts is a multi-
step process which involves an initial angiogenesis in peri-implant tissue, followed by the
migration of microvascular endothelial cells, from surrounding tissue, into the wall of grafts.
These cells then populate the lumenal surface resulting in endothelialization of the blood
contacting surface of the implant. Previous studies have established that a variety of
modifications of expanded polytetrafluoroethylene grafts (ePTFE) will support
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neovascularization of the porous interstices of this material (1-4). On the other hand,
complete endothelialization of vascular grafts by transinterstitial cell migration has only
been approached with highly porous experimental grafts and the addition of growth factors
(5,6). The current studies were performed using ePTFE vascular grafts with inter-nodal
distances identical to clinically used grafts. This internodal distance, 30 microns, has
previously been considered a physical barrier to cell migration and endothelialization.

Extracellular matrix proteins play a critical role in several endothelial cell functions
including cell proliferation, migration and modulation of cell phenotype (7-9). These
functions are necessary for the initiation and completion of the angiogenic process.
Although numerous soluble factors, such as growth factors and cytokines, are integral to the
activation and stimulation of new blood vessel development, insoluble factors, and
specifically extracellular matrix proteins may be of equal importance. Matrix proteins
provide a wide variety of signals to cells mediated through the transmembrane integrin
proteins (10).

The primary goal of this study was to determine whether extracellular matrix modification
of ePTFE would promote transmural neovascularization and subsequent endothelialization
of grafts in an aortic interpositional graft model. During this study 1 mm inner diameter
ePTFE grafts with a 30μm internodal distance, were utilized. Control, non treated grafts
were compared to grafts treated with laminin type 1.

MATERIALS AND METHODS
Graft Modification

Expanded polytetrafluoroethylene grafts, with an internal diameter of 1 mm, 30 micron
internodal distance and a wall thickness of approximately 400 microns were utilized1.
Mouse laminin type 12 was obtained and covalently bound to the ePTFE as described below
and is detailed in previous publications (11, 12). A hetero-bifunctional crosslinking agent
(BBA-EAC-NOS) was synthesized and used to photoderivatize each protein. The BBA-
EAC-NOS has a benzophenone photoactivatible group on one end (benzoyl benzoic acid,
BBA), a spacer in the middle (epsilon aminocaproic acid, EAC), and an amine reactive
thermochemical coupling group on the other end (N-oxysuccinimide, “NOS”). BBA-EAC
was synthesized from 4-benzoylbenzoyl chloride and 6-aminocaproic acid. Then the NOS
ester of BBA-EAC was synthesized by esterifying the carboxy group of BBA-EAC by
carbodiimide activation with N-hydroxysuccimide to yield BBA-EAC-NOS.

The laminin type 1 was photoderivatized by covalently coupling primary amines on the
proteins via the NOS ester of BBA-EAC-NOS. Solutions of photoderivatized laminin 1 (25
micrograms /cm2 ePTFE) was added to ePTFE, allowed to adsorb for 2 hours at room
temperature, and illuminated at 320 to 340 nm to activate the BBA moieties and produce
covalent coupling. Following illumination, free proteins were removed by washing the
samples overnight in phosphate buffered saline (PBS) containing 1% Tween 20. After the
PBS/Tween 20 wash, the samples were sterilized by soaking 20 minutes in 70% ethanol.
The residual Tween 20 and ethanol were then removed by washing in sterile PBS. The grafts
were cut into 1 cm lengths, separated into the test group (laminin 1 modified) and a non-
modified control group. Selected samples were evaluated using fluorescein isothiocyanate
(FITC) staining of the immobilized laminin type 1 and evaluation of protein distribution
using confocal microscopy.

1ePTFE grafts provided by Impra/Bard, Tempe, AZ.
2Mouse Laminin type 1 was obtained from Collaborative Biomedical Products, Bedford, MA.
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Graft Implant
NIH Guidelines for the Care and Use of Laboratory Animals (NIH Publication #85-23 Rev.
1985) have been observed. This study was performed following approval by the University
of Arizona IACUC. The surgical procedure for implantation of 1 mm grafts has been
previously published (13). Briefly, male Sprague Dawley rats weighing 300 - 350 grams
anesthetized with 50mg/kg pentobarbital, IP. A sterile field was established and a midline
abdominal incision made. Under an operating microscope, the aorta was isolated from the
renal arteries to the iliac bifurcation. The aorta was clamped and resected below the renal
arteries to accommodate a 1 cm length of graft. Using 10-0 Nylon the graft-aorta
anastomoses were made. Flow was established and a flow probe was placed around the aorta
just distal to the graft. Flow was monitored and recorded for 30 minutes. The flow probe
was removed and the abdomen closed in 3 layers. The animals were recovered on a heating
pad and returned to the animal care facility. A total of 6 animal with control grafts and four
animals with laminin 1 treated grafts were evaluated.

Graft Explant
At 5 weeks the rats were anesthetized as above and the aorta and graft isolated. The flow
probe was placed around the distal aorta and flow evaluated. The graft and adjacent aorta
(5mm proximal and distal to graft) were removed, fixed and processed for light and
scanning electron microscopy.

Histology
Half of each sample was fixed, dehydrated and paraffin embedded. Samples were sectioned
and stained with hematoxylin and eosin to examine gross morphology. Sections were also
reacted with horse-radish conjugated Griffonia simplicifolia (Gs1) lectin which shows
specificity for endothelial cells, activated monocytes and activated macrophages (14).

Samples for scanning electron microscopy were fixed with 3% glutaraldehyde. Samples
were washed with PIPES buffer, dehydrated in a graded series of acetone and critical point
dried. Dried samples were sputter coated by using a gold target. Samples were then observed
with a Joel 820 scanning electron microscope.

RESULTS
Figure 1 illustrates the surgical placement of 1 mm ePTFE grafts as interpositional conduits
in the abdominal aorta. Treatment of grafts with laminin type 1 did not result in increased
anastomotic or transinterstitial blood or plasma loss. Laminin treatment of the grafts did not
cause increased graft occlusion, as all grafts remained patent. Figure 2 (a, b) compares the
gross morphology of representative grafts at the time of explant. The control grafts (a)
exhibited a significant red thrombus while the laminin type 1 modified grafts (b) exhibited a
glistening white surface grossly devoid of red thrombus. Gross examination did not reveal
the presence of intimal thickening in any of the grafts.

Figure 3 (a, b) illustrates the difference in surface morphology of the control and laminin
type 1 treated grafts viewed by scanning electron microscopy. Control grafts (figure 3a)
exhibited a highly thrombogenic surface with evidence of the deposition of red cells,
leukocytes, fibrin and platelets. In contrast, the laminin type 1 treated grafts (figure 3b)
exhibited a complete lining of highly attenuated cells consistent with the presence of
endothelium. These cells were actively anti-thrombogenic as evidenced by the relative lack
of adherent formed elements. There was no evidence of intimal thickening observed
throughout the lumenal lining of these grafts.
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These grafts were subsequently subjected to histologic evaluation and the results are
illustrated in Figures 4 (a-d) and 5 (a-d). Figure 4a (H&E) and b (Gs-1) illustrate a section of
the abluminal surface of a control graft while figure 4c (H&E) and d (Gs-1) depicts the
abluminal surface of a laminin type 1 treated graft. A remarkable difference was observed
between control and laminin treated samples with respect to vascular response. As illustrated
in figure 4 c and d the laminin type 1 treated grafts exhibited the development of
microvascular networks which were observed penetrating into the interstices of the ePTFE
while in control grafts (figure 4 a and b) endothelial cells were only observed in the tissue
directly associated with the grafts. The luminal surfaces of these grafts were also evaluated
and are illustrated in figure 5 (a-d). The control graft (figures 5a and b) exhibited minimal
pseudointima on the luminal surface. Gs-1 staining revealed the absence of an endothelial
cellular lining. On the other hand, the laminin type 1 treated grafts (figures 5c and d)
exhibited a cellular lining on the lumenal surface which reacted actively with Gs-1.

CONCLUSIONS
This study establishes the ability to accelerate the in vivo formation of an endothelial cell
lining on a synthetic vascular graft by treating the graft with an extracellular matrix protein
(laminin type 1). Spontaneous formation of an endothelial cell lining on porous vascular
grafts involves a series of processes which include the initial stimulation of a peri-implant
tissue angiogenesis and the directed migration of endothelial cells to populate the lumenal
surface. The results off this study indicate that spontaneous endothelialization of
commercially available vascular grafts can be achieved using extracellular matrix
modification of these polymers. While the mechanism underlying this spontaneous cellular
response is not fully understood, laminin type 1 provides all of the signals necessary to
accelerate graft neovascularization and endothelialization.

The spontaneous formation of an endothelium on the blood contacting surface of implanted
medical devices has been hypothesized as a method to improve the long term function of
these devices (5, 6). The poor performance of small diameter (< 6 mm) synthetic vascular
grafts is attributed mainly to the thrombogenicity of bare polymer (15, 16). The
antithrombogenic characteristics of endothelium would potentially mask the
thrombogenicity of polymers, such as expanded polytetrafluoroethylene or polyethylene
terephthalate. For this reason many investigations have evaluated methods to accelerate
formation of a new endothelium using techniques such as endothelial cell transplantation
(17-19), accelerated pannus ingrowth, and the focus of the present study, accelerated
transinterstitial ingrowth (20,21). Stimulants for transinterstital ingrowth have concentrated
previously on two major efforts, namely incorporation of soluble endothelial cell growth
factors to stimulate angiogenesis (22), and physical changes in polymers to make them more
porous and less restrictive to endothelial cell penetration (3,5,23,24). Our efforts in the
present study have focused on the use of immobilized extracellular matrix proteins to
accelerate spontaneous endothelialization.

The rationale for the use of extracellular matrix proteins in these studies is based on
significant evidence that endothelial cell function is regulated by extracellular proteins
through the trans membrane protein integrin system (7-9). Some of these matrix proteins
have been extensively evaluated and shown to regulate endothelial cell proliferation and
migration. These functions are integral parts of the angiogenic process and for this reason
were evaluated for their effect on endothelialization. Laminin type 1 was chosen since it is a
component of the sub-endothelial basement membrane and has been shown, through in vitro
studies, to also effect cell function (25-27). These studies were performed with the
realization that polymer associated healing response involves many cell types, and the
effects of polymer matrix modification may not be endothelial cell specific.
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The data supports the conclusion that laminin type 1 modification of ePTFE results in
altered peri-implant angiogenic and polymer neovascularization responses as compared to
control, unmodified ePTFE. The stimulation of peri-implant tissue angiogenesis was
increased with laminin type 1 treated ePTFE as compared to control. Laminin also
stimulated penetration of endothelial cells into the interstices of the porous ePTFE. Only the
laminin type 1 treated vascular grafts exhibited endothelialization of the lumenal blood flow
surface. The presence of laminin type 1 on surfaces throughout these grafts supports the
formation of all the individual components of spontaneous endothelialization including peri-
implant angiogenesis, polymer neovascularization and finally blood flow surface
endothelialization. This final process is a unique cellular event since cells are required to
move and self associate in the presence of a physical force, shear stress, generated by the
flow of blood. Cells that formed this monolayer must balance the events of selective
attachment and detachment necessary for cell migration and the maintenance of a critical
attachment to the surface to avoid detachment and removal from the surface.

The endothelial cell identity of these lumenal cells was substantiated using an endothelial
cell specific lectin, Griffonia simplicifolia. Further characterization of this monolayer is
provided by scanning electron microcopy which established the anti-thrombogenic nature of
this lining due to the lack of platelet adherence or fibrin deposition. It is also of interest that
this lining is nearly a monolayer of cells at this explanation time point with no evidence of
intimal thickening. While these results represent only one time point, intimal responses are
progressive and may still occur. The lack of any sub-endothelial cell thickening in these
laminin type 1-treated grafts indicates the lining is stable and not acutely hyper-proliferative.

These studies also provide evidence that the mechanism responsible for the observed
inhibition of spontaneous endothelialization of commercially available ePTFE is not a
physical barrier to cell penetration through the interstices of this material. Several
investigations have evaluated the use of experimental ePTFE of increased porosity with the
hypothesis that this increased porosity is necessary for endothelialization (3, 5, 23, 24). The
current study was performed using ePTFE with internodal distances identical to clinically
used ePTFE vascular grafts. The penetration of endothelial cells, and as illustrated, intact
microvascular networks into the interstices of laminin type 1 treated ePTFE, provides
evidence that porosity is not the critical element controlling polymer neovascularization.
There is certainly a lower limit of porosity which will preclude cell penetration due to a
physical barrier. The current study suggests this physical barrier to endothelialization does
not exist in commercially available grafts and the barrier to endothelialization may lie in the
biological response associated with ePTFE.

The mechanisms underlying the observed accelerated formation of an endothelial cell lining
on laminin type 1-treated ePTFE vascular grafts is not known. Possible explanations include
the identified role of laminin type 1 in the regulation of several cell functions. Moreover,
laminin has been reported to be directly involved in the regulation of angiogenic responses
(28). The covalent immobilization of laminin type 1 onto porous ePTFE vascular grafts
results in a stimulation of not only peri-implant angiogenesis, but subsequent stimulation
and progression of this angiogenesis to include the pores within the polymer. Regardless of
the exact mechanisms underlying this process, the results indicate laminin type 1 treatment
of grafts will accelerate spontaneous endothelialization of the lumenal surface. The
previously reported poor clinical performance of currently available grafts may be overcome
by treatment of these grafts with laminin type 1 to support the development of a stable, anti-
thrombogenic endothelial cell lining.
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Figure 1.
Surgical placement of 1 mm ePTFE grafts as interpositional conduits in the abdominal aorta.
a.) segment of the aorta dissected free of tissue; b.) completed graft placement with blood
flow restored illustrating minimal anastomotic bleeding.
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Figure 2.
Gross morphology of representative grafts at the time of explantation. a.) control graft
illustrating the presence of red thrombus. b.) laminin type 1 treated graft illustrating lack of
red thrombus on the lumenal blood contacting surface.
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Figure 3.
Scanning electron micrographs illustrating differences in surface morphology. a.) control
graft - note absence of cellular lining and b.) laminin type 1 treated grafts that exhibited a
confluent lining of cells.
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Figure 4.
Light micrographs of the abluminal surface of grafts stained with H&E and Gs-1. a.) and b.)
control graft; c.) and d.) laminin type 1 modified graft. Note microvascular networks
penetrating into the graft interstices of the laminin type 1 treated grafts.
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Figure 5.
Micrographs illustrating the lumenal surface of grafts stained with H&E and Gs-1. a.) and
b.) control graft - note absence of a cellular lining; c.) and d.) laminin type 1 treated graft
exhibiting a cellular lining which reacted actively with Gs-1.
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