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Abstract
Endothelial cell (EC) adhesion, shear retention, morphology, and hemostatic gene expression on
fibronectin (FN) and RGD fluorosurfactant polymer (FSP) coated expanded
polytetrafluoroethylene (ePTFE) grafts were investigated using an in vitro perfusion system. ECs
were sodded on both types of grafts and exposed to 8dyn/cm2 of shear stress. After 24h the EC
retention on RGD FSP coated grafts was 59±14%, which is statistically higher than the 36±11%
retention measured on FN grafts (p<0.02). Additionally, ECs on RGD-FSP exhibited a more
spread morphology and oriented in the direction of shear stress, as demonstrated by actin fiber
staining. This spread morphology has been previously observed in cells that are adapting to shear
stress. Real time PCR for vascular cell adhesion molecule 1, tissue factor, tissue plasminogen
activator, and inducible nitric oxide synthase indicated that the RGD FSP material did not activate
the cells and that shear stress appears to induce a more vasoprotective phenotype, as shown by a
significant decrease in VCAM-1 expression, compared with sodded grafts. RGD FSP coating
allows for a cell layer that is more resistant to physiological shear stress, as shown by the
increased cell retention over FN. This shear stable EC layer is necessary for in vivo
endothelialization of the graft material, which shows promise to increase the patency of synthetic
small diameter vascular grafts.
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Introduction
Over 86 million Americans have cardiovascular disease and 16 million have coronary heart
disease (CHD). This resulted in over 406,000 deaths and 408,000 coronary revascularization
procedures in 2007, the most recent year for which data is available1. Autologous vessels,
such as the saphenous vein and mammary artery, are most commonly used as the bypass
conduit, however 20–40% of patients lack a suitable saphenous vein2,3. Expanded
polytetrafluoroethylene (ePTFE) is used as a synthetic graft material in medium to large
diameter vascular grafting. However, the long term patency of these grafts is much lower
than vein grafts, especially in applications where the inner diameter is less than 6mm4–6.
Consequently, they are not widely used in coronary artery bypass grafting.
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One of the main failure mechanisms of ePTFE grafts is thrombosis7–11. A confluent layer of
endothelial cells at the blood interface would help prevent thrombosis and could increase the
patency of vascular grafts. Previous attempts to implant endothelialized ePTFE grafts have
required long in vitro incubation times and have had only moderately improved outcomes, in
comparison with non-endothelialized grafts12–15. In order to improve the outcome for small
diameter vascular grafts, we have developed a self-assembling peptide biomimetic
fluorosurfactant polymer (FSP) coating that facilitates adhesion of endothelial cells to
ePTFE through the cell adhesive ligand, Arg-Gly-Asp (RGD)16. In this study, we have
investigated the ability of RGD FSP coated ePTFE grafts to adhere and retain endothelial
cells (ECs) under physiological shear stress.

Endothelial cells in the anti-coagulant phenotype produce vasoprotective factors and inhibit
the production of factors that induce inflammation. Some of these factors include inducible
nitric oxide synthase (iNOS), which produces NO and reduces platelet adhesion17, tissue
factor (TF), which is a procoagulant cell-associated protein that combines with fVIIa to
activate FX and ultimately produce thrombin18, tissue plasminogen activator (tPA), which
activates plasminogen and is involved in fibrinolysis, the degradation of fibrin clots19, and
vascular cell adhesion molecule 1 (VCAM-1), which has variable expression that is
upregulated by tumor necrosis factor alpha and interleukin-1 and supports the adhesion of
white blood cells, such as monocytes and lymphocytes20,21. We also investigated the
phenotype of ECs on coated ePTFE grafts by measuring the expression of these factors in
response to physiological shear stress.

This paper compares EC shear stability on fibronectin (FN) and RGD FSP coated ePTFE
grafts, using an in vitro perfusion system. We also investigated the shear dependent gene
expression of ECs on both surfaces. Overall we demonstrate that RGD FSP coated grafts
support a more shear stable EC layer than FN coated grafts and therefore could be used to
improve the patency of pre-endothelialized small diameter vascular grafts.

Methods
Peptide Fluorosurfactant Polymer Synthesis and Surface Modification

The RGD FSP (Figure 1) was synthesized as previously described16. Briefly, cell adhesive
peptide (GSSSGRGDSPA) was purified and reacted with glutaraldehyde, though a Schiff’s
base reaction. The glutaraldehyde-modified RGD peptide was attached to poly(vinyl amine).
N-(perfluoroundecanoyloxy) succinimide was synthesized and combined with PVAm-Pep to
create the final product.

The surfactant polymer was dissolved in distilled water (1mg/mL) and adsorbed on ePTFE
grafts (20–40 µm intermodal distance; ZEUS; Orangeburg, SC) for 24 h. The samples were
removed from the solution and dried. For cell studies, the surfaces were sterilized with
ethylene oxide gas, using the cold cycle with a 36h outgassing at University Hospitals Case
Medical Center. Sterile grafts were stored at room temperature and protected from light until
use. Grafts freshly coated with human fibronectin (10µg/cm2, Sigma) were used as a control.

Culture of Human Pulmonary Artery Endothelial Cells
Human pulmonary artery endothelial cells (ECs; Lonza; Walkersville, MD), obtained at
passage 3, were grown to 80–90% confluence from a 1:3 split ratio in 75 cm2 tissue culture
polystyrene flasks (Corning Life Sciences; Lowell, MA) in endothelial cell growth medium
(ECGM) and trypsinized using 0.05% trypsin/EDTA (Invitrogen; Carlsbad, CA). ECGM
was made by supplementing basal media (MCDB 131, Invitrogen) with 0.015% (w/v) EC
growth factor supplement (ECGS, Core Facilities Laboratory, Cell Biology Department,
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Cleveland Clinic Foundation, Cleveland, OH), 0.0009% heparin (w/v, heparin activity, 16.3
U/mL; isolated from porcine mucosa, Sigma; St. Louis, MO) and 10% (v/v) fetal bovine
serum (FSB, Sigma). ECs for experiments were used at passages 6–9.

In Vitro Perfusion System
The in vitro perfusion system (Figure 2) consisted of a 4mm inner diameter (ID) coated graft
held between Teflon connectors fit into an outer glass tube (51mm OD). Glass tubing (4mm
OD) was inserted through the connectors to act as an adaptor for the silicone tubing used by
the peristaltic pump (Cole-Parmer, Vernon Hills, IL) to the graft. Grafts were held on the
glass tubing by an O-ring and nut that screwed onto the connector. The two connectors with
the graft in between were placed in the outer glass tube and the outer chamber was filled
with ECGM.

ECs were pressured sodded on the grafts at 75,000 cells/cm2 as described by Jarrell et al.22.
Cell suspension (62,831 cells/mL) was pumped across the pores of the graft by clamping
one end of the perfusion system closed. Excess media flowed out of the outer glass tube.
The grafts were sodded for 1 h at 37°C then placed on a Labquake rotisserie (Fisher;
Waltham, MA) and rotated at 8 rpm in a 37°C incubator (New Brunswick Scientific; Edison,
NJ) with 5% CO2 overnight.

ECGM was thickened with 2% w/v poly(ethylene oxide) (PEO; Polysciences Inc.;
Worrington, PA) to achieve a viscosity of 2.5 mm2/sec. A cell viability assay using 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS; Promega; Madison WI) confirmed that this concentration of PEO was not toxic to
ECs. This solution was pumped through the perfusion system, using a peristaltic pump at
120 mL/min to result in a shear stress of 8 dynes/cm2, which is half the maximum shear
stress measured in bypass grafts by Shimizu et al.23. Shear stress was applied for 4 or 24 h.
The retrieved grafts were examined with epifluorescent microscopy or adherent cells were
lysed to examine gene expression.

For analysis by epifluorescent microscopy, the cells were fixed while in the in vitro
perfusion system with 4% w/v paraformaldehyde for 20 min, then treated with 0.01%
TritonX and stained with ethidium homodimer (Invitrogen) for cell nuclei and phalloidin-
Alexaflour488 (Invitrogen) for actin filaments. The perfusion system was drained and the
grafts were removed and carefully cut open longitudinally and mounted on glass slides.
Epifluorescent images were taken with 10× and 40× objectives on a Nikon Diaphot 200.
Images were taken at 1mm intervals along three longitudinal lines, spanning the lumen of
the graft. Cell population was determined by semi-automatically counting the number of
nuclei that were stained with ethidium homodimer in a 0.61mm2 region of interest using
ImageJ (v1.43f, NIH). The average cell population was determined from at least 40 regions
per graft. Actin stress fiber alignment was visualized with the phalloidin-Alexaflour488
stain and analyzed using Metamorph (Molecular Devices, Sunnyvale, CA) software to
determine the angle of the long axis of traced cells.

In order to lyse the cells for examining gene expression, the inner and outer chambers of the
perfusion system were drained and the graft was removed. The cells were lysed immediately
by pipetting RLT Plus lysis buffer (Qiagen, Valencia, CA) over the cell surface for 5 min.
The buffer containing the lysed cells was collected and homogenized using a QIAShredder
column (Qiagen) according to manufacturer’s directions.

Real Time Reverse Transcriptase Polymerase Chain Reaction
RNA purification, reverse transcription, and PCR were performed as previously reported24.
Briefly, RNA was purified from cell lysate using RNeasy spin columns (Qiagen). The total
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RNA yield was determined spectroscopically, and RNA was reverse transcribed using the
Superscript First Strand Synthesis System (Invitrogen). The cDNA template was diluted in
ultra pure water (4ng/PCR well) and was used for real-time PCR analysis with the iQ SYBR
Green Supermix (Bio-Rad, Hercules, CA) and an iCycler fluorescence detection system
(Bio-Rad). Relative transcript abundance was normalized to Glyceraldehyde 3-phophate
dehydrogenase (GAPDH) expression assuming 100% PCR efficiency. Primers for genes
representing a variety of EC functions were designed using Primer-BLAST (NIH). The
forward and reverse primers were: tissue plasminogen activator:
TGATGGGCTAATATGGCATT and TCCACGTCTCACCCAGTTAT; tissue factor:
GCACTGTGACCGAGAACTTT and AGGTGCCATGGTGTTAAAAA; inducible nitric
oxide synthase: CCTGCACTATGGAGTCTGCT and GAACACCAAAGTCATGGGAG;
vascular cell adhesion molecule 1: GGCAGAGTACGCAAACACTT and
CCCCAGAATCTTCCATTTTT; GAPDH: ACGAATTTGGCTACAGCAAC and
GTGAGGAGGGGAGATTCAGT.

Statistical Analysis
Statistical analysis was done using Microsoft Excel and Minitab 15. Data are represented as
mean ± standard deviation. Analysis of variance (ANOVA) followed by Tukey’s post hoc
test was used for data sets with multiple comparisons. Statistical analysis of real-time PRC
data was performed in the logarithmic domain. A value of p < 0.05 was considered
significant.

Results
Peptide fluorosurfactant polymer surface modification

Peptide fluorosurfactant polymer, consisting of a poly(vinyl amine) backbone with
fluorocarbon side chains to allow for stable adherence to ePTFE grafts and RGD peptide
ligands to adhere endothelial cells, was used to coat ePTFE grafts with an EC binding
peptide. RGD FSP was adsorbed from aqueous solution onto the grafts for 24h. Water
contact angles were used to evaluate the success of the coating. Table 1 shows the contact
angles on ePTFE grafts before and after coating. Unmodified surfaces have a high contact
angle, indicating a highly hydrophobic surface. RGD FSP coated grafts had a lower contact
angle, which demonstrates that the coating procedure was successful.

EC attachment and shear stability
In native vasculature, ECs are exposed to shear stress. These cells must be shear stable in
order to maintain their vasoprotective properties. Therefore, the ability of these coated grafts
to maintain a confluent layer of cells was examined. Endothelial cells were sodded to FN
and RGD FSP coated ePTFE grafts. After sodding, the cell population was determined by
counting the number of cells in multiple areas of the lumen of the graft. The populations
were similar for both coatings (n=9 for FN and n=10 for RGD FSP) (Figures 3 and 4). After
4 hours of 8 dyn/cm2 shear stress, the number of cells on FN grafts (n=3) was significantly
decreased from the initial population on sodded grafts. At this time point, the number of
cells on the RGD FSP coated grafts (n=4) had not decreased from baseline. After 24 hours
of shear stress, the number of cells on FN coated grafts (n=6) continued to decrease and had
a cell retention of 36±11%. The cell population on the RGD FSP grafts (n=6) was also
significantly lower than that on grafts which had not been exposed to shear stress. However,
the retention on RGD-FSP was 59±14%, which was statistically higher than the retention on
FN coated grafts (p<0.02). Additionally, ECs on RGD FSP exhibited a more spread
morphology and were oriented in the direction of shear stress, as demonstrated by actin fiber
staining. In order to quantify these changes, higher magnification images of the cytoskeleton
were examined.

Dudash et al. Page 4

J Biomed Mater Res A. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



EC morphology
The morphology of ECs on FN and RGD FSP coated grafts were examined after 24h of
shear stress. At least 20 cells from three FN and three RGD FSP coated grafts were studied.
Actin fibers were stained and epifluorescent images were taken at 40× (Figure 5). The actin
fibers were analyzed to determine the percent of cells that had aligned to within 20° of the
direction of shear stress, indicated by the arrow in Figure 5. On FN grafts, 53% of the cells
aligned with the shear stress. In comparison, 86% of the cells on RGD FSP grafts were
aligned. This spread and oriented morphology on RGD FSP coated grafts has been observed
previously in cells that are adapting to shear stress25,26.

Gene Expression
Endothelial cells in an anti-coagulant phenotype express factors that reduce platelet activity,
induce fibrinolysis, and limit the recruitment of white blood cells. To check the phenotype
of ECs on RGD FSP and FN coated grafts, real time PCR was performed before and after
shear stress on a variety of markers for EC functions. No significant changes with shear
stress or between FN and RGD FSP coated grafts were observed in the expression of TF,
iNOS, and tPA. The initial expression of VCAM-1 normalized to GAPDH expression
(Figure 6) was similar on FN and RGD FSP grafts. With shear stress the expression
decreased on both types of grafts. This decrease was statistically lower on the RGD FSP
grafts after 24h of shear stress compared with sodded grafts (p<0.001).

Discussion
This study examined EC retention and characteristics on vascular graft material under
physiological shear stress. We have reported previously on the behavior of ECs in response
to RGD FSP on fluorosilane self assembled monolayers, but not on tubular ePTFE graft
materials. Furthermore, the use of the in vitro perfusion systems allows for testing of EC
stability under shear stress with flow conditions that are similar to those in the native vessel.
By combining the ePTFE graft material with an in vitro perfusion system, we are able to
mimic the shear environment that would be experienced by an implanted bypass vessel.

We investigated the differences between fibronectin and RGD FSP coated grafts. RGD FSP
adsorbs onto the ePTFE graft by means of hydrophobic interactions between the pendant
fluorocarbon groups and fluorocarbon chains in the ePTFE surface. We have reported
previously that the expected peptide density for this material is 0.11–0.19 nmol/cm2 16.
Considering that a 4 cm long piece of graft has a surface area of about 5cm2, it is expected
that an RGD FSP coated graft would have 3.3–5.7× 1017 RGD ligands. For these
experiments, grafts were coated with fibronectin at 10µg/cm2. Assuming the graft absorbed
all of the fibronectin, the theoretical maximum number of FN molecules in a monolayer on
the graft is 5.2×1016. This is an order of magnitude less than the number of expected RGD
ligands on RGD FSP coated grafts. These differences in the number of adhesion sites may
contribute to the differences in cell retention between the grafts. Protein denaturation of
adsorbed FN, caused by the underlying hydrophobic ePFTE surface, likely makes the actual
number of accessible RGD sites much less than the theoretically calculated number. This
factor may also contribute to the decreased cell retention on FN coated grafts in that the FN
protein itself may be removed by shear stress. It follows that the cells on the FN coated
ePTFE grafts may lack sufficient integrin adhesion sites to allow for spreading in the
direction of shear stress and are removed soon after the onset of fluid flow. ECs on the RGD
FSP coated grafts have many more accessible adhesion sites so are more able to align in the
direction of fluid flow. This alignment has been shown to result in a decreased z axis profile
of the cell, making it more shear stable25–29.
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In order to provide vasoprotective benefits, ECs must be in the anti-coagulant phenotype.
When expressing this phenotype, ECs limit platelet activity, reduce the production of
thrombin, induce fibrinolysis, and diminish inflammatory cell adhesion. Expression of
mRNA for inducible nitric oxide synthase, tissue factor, tissue plasminogen activator, and
vascular cell adhesion molecule 1 was compared between FN or RGD FSP coated grafts at
baseline and after 4 or 24h of shear stress. The results from the real time PCR did not show
any differences between FN and RGD FSP coated grafts under the same shear stress
conditions, indicating that the RGD FSP did not cause an activation of the cells.
Additionally, shear stress appears to induce a more vasoprotective phenotype, as shown by
the decrease in VCAM-1 expression (Figure 6). Bergh et al. demonstrated a reduction in
VCAM-1 expression in human umbilical vein ECs grown on glass with increasing shear
stress30. This result is in agreement with the decrease we observed on coated ePTFE.
However the same group also observed significantly decreasing tPA expression when shear
stress was increased from 1 to 12.5 or 25 dyn/cm2 30. Another group observed a significant
increase in tPA gene expression for human saphenous vein ECs seeded fibrin glue coated
ePTFE grafts exposed to 12 dyn/cm2 shear stress for 4h compared to the static control31. In
this study, no change was observed in ECs tPA gene expression for human pulmonary artery
with 8 dyn/cm2 of shear stress. Variations in cell type and level and duration of shear stress
could account for the differences in gene response to shear stress reported here and from
other groups. The lack of change in gene expression of tPA, TF, and iNOS and decrease in
VCAM-1 with shear stress on both FN and RGD FSP coated ePTFE grafts indicates that the
RGD FSP coating does not cause a pro-coagulant phenotype, which is a critical benefit for
preventing thromobogenesis.

Conclusion
In this study, we describe a coating for vascular grafts that provides a high density of cell
adhesive ligands and a system for examining EC retention and characteristics on ePTFE
graft materials. ePTFE grafts coated with RGD fluorosurfactant polymer and fibronectin are
capable of attaching ECs. The RGD FSP coating allowed for a cell layer that is more
resistant to physiological shear stress, as shown by the increased cell retention over FN.
Furthermore, gene expression profiles on RGD FSP were similar to FN both before and after
shear stress, indicating that RGD FSP does not alter the cells’ phenotype, which is critical
for preventing thrombogenesis. A shear stable EC layer is necessary for in vivo
endothelialization of the graft material. RGD FSP coated ePTFE shows promise to promote
endothelialization and should be studied further as a method to increase the patency of
synthetic small diameter vascular grafts.
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Figure 1.
A. Chemical structure of RGD FSP. B. Molecular model of RGD FSP consisting of
poly(vinyl amine) backbone (1), RGD peptide (2), fluorocarbon (3).
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Figure 2.
Diagram of in vitro perfusion system used to apply shear stress (8dyn/cm2) to EC sodded
grafts. The system consisted of holder for the ePTFE graft, vented media reservoir in a 37°C
incubator with 5% CO2, and a peristaltic pump. EC growth media thickened with 2% (w/v)
poly (ethelyene oxide) was used as the perfusate in the system.
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Figure 3.
Representative epifluorescent images of ECs on FN and RGD FSP coated grafts. Cells were
stained for nuclei (red) and actin filaments (green). EC population was higher on RGD FSP
coated grafts compared with FN coated grafts. ECs on RGD FSP were more spread than
cells on FN, as demonstrated by epifluorescent images of the grafts after 8 dyn/cm2 shear
stress exposure for 4 or 24h. Scale bars = 250 µm.
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Figure 4.
Graph of EC population on FN and RGD FSP coated grafts exposed to 8 dyn/cm2 shear
stress for 0,4, or 24h. EC retention on RGD FSP coated grafts was significantly higher than
retention on FN coated grafts at both 4 and 24h. * p< 0.05 compared to sodded graft
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Figure 5.
Representative epifluorescent images of EC actin filaments after 24h shear stress on FN (A)
and RGD FSP (B) coated ePTFE grafts. Arrow indicates direction of shear stress. 86% of
cells on RGD FSP coated grafts aligned within ±20° of the direction of flow, while only
53% of cells on FN were aligned.
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Figure 6.
Graph of VCAM-1 mRNA expression normalized to GAPDH, measured by real time PCR,
by ECs on FN and RGD FSP coated grafts after sodding and 4 or 24h of 8 dyn/cm2 shear
stress. VCAM-1 mRNA was reduced after shear stress, compared with sodded grafts with
the same coating. TF, iNOS, and tPA mRNA did not change significantly with shear stress.
*p< 0.05 compared to sodded graft

Dudash et al. Page 14

J Biomed Mater Res A. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Dudash et al. Page 15

Table 1

Water Contact Angles for Unmodified and FSP Coated Grafts

Surface Advancing Contact Angle (θ,°) Receding Contact Angle (θ,°)

ePTFE 122 ± 5 119 ± 4

RGD FSP coated ePTFE 107 ± 2 44 ± 9
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