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Abstract: The need for a small-diameter vascular graft for
coronary artery and peripheral vascular replacement is great
and is projected to increase as the population ages. Synthetic
small-diameter vascular grafts fail because of acute throm-
bosis or chronic intimal hyperplasia leading to restenosis.
Endothelial cell seeding has been attempted with limited
success in the femoral artery by Zilla and others. However,
patency rates have not increased sufficiently to justify large
clinical trials. Genetic engineering of endothelial cells before
seeding has been proposed to encourage endothelial cell
phenotypes that would predispose the graft to patency. In
this study, we investigate the effect cationic lipid-mediated
transfection of endothelial cells with respect to their attach-
ment to a potential graft material, Fluoropassiv™ (Vas-

cutek). Liposomal transfection was optimized for maximum
gene expression. We report that transfection decreases the
ability of bovine aortic endothelial cells to attach by approxi-
mately 100% as compared with nontransfected control over
18 h. Further, when placed under physiologic shear condi-
tions, this difference is sustained. The effects of gene transfer
on endothelial cell adhesion must be included as an impor-
tant optimization criterion along with gene expression for
engineered endothelial cell-seeding applications. © 2002
Wiley Periodicals, Inc. J Biomed Mater Res 60: 405–410, 2002;
DOI 10.1002/jbm.10062
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INTRODUCTION

The development of a synthetic small-diameter vas-
cular graft for coronary and peripheral bypass is a
critical need. The challenges confronting the engineer-
ing of vascular replacements stem from direct contact
of blood with synthetic graft materials.1 Early materi-
als, such as polyurethanes2 and poly(ethylene tereph-
thalate) (PET),3 did not consider hemocompatibility.
These grafts served merely as conduits for the blood
flow without presenting a surface that would inhibit
platelet activation.3 Relatively inert and nonactivating
materials such as expanded polytetrafluoroethylene
(ePTFE) are largely resistant to the effects of the ini-
tiation of thrombosis.4 With the use of ePTFE, the ef-
fects of acute failure were ameliorated. Chronic fail-
ure, based in medial smooth muscle activation, prolif-
eration, and migration into the graft lumen, has

become the major reason for small-diameter graft fail-
ure.5,6

Fluoropassiv™, a proprietary material from Vas-
cutek, is a PET weave coated with fluoropolymer thus
combining the surface chemistry of ePTFE with the
bulk characteristics of PET.7 Testing of this material in
animal models shows that patency is increased over
the use of either of the materials separately.8 However,
although higher patency is achieved in small-diameter
applications when compared with other materials, the
increase is not significant enough to justify clinical tri-
als in the coronary bypass application.

Genetic engineering and seeding of endothelial cells
has been suggested as a method to create a new vas-
cular graft lining that predisposes the graft to pa-
tency.9 We have previously reported that gene
therapy, particularly the transfection of endothelial
cells with the endothelial nitric oxide synthase gene,
increases the ability of the endothelial cell to inhibit
the early pro-thrombotic platelet aggregation as well
as smooth muscle cell proliferation.10

Retroviral methods have distinct advantages over
liposomal methods including stable transduction due
to genetic incorporation of the gene of interest into the
host genome. Retroviruses have been the method of
choice for gene therapy in clinical trials.11 However,
their use may decrease transduced cell’s adhesive
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properties in attachment-dependent cells.12 Adenovi-
ruses often produce toxicity, limiting their utility in
clinical applications.13,14

Cationic liposomal transfection, a nonviral tech-
nique, presents distinct advantages over retroviruses,
especially in applications in which the length of ex-
pression is not critical. These advantages include the
lack of insertional mutagenesis, and a higher level of
expression of the desired genes (see Bellamkonda, et
al.9). Although liposomal transfection may elicit lim-
ited toxicity to transfected cells, their use is generally
attractive in clinical applications because of the lack of
risk of insertional mutagenesis and potential activa-
tion of proto-oncogenes. However, the effects of cat-
ionic liposome-mediated genetic engineering on cell
adhesion have not been fully considered because typi-
cally optimization of transfection involves only the ex-
pression level of the desired protein, and not attach-
ment.

In the present study, the ability of Fluoropassiv™
graft material to sustain attachment of endothelial
cells transfected with cationic liposomes was probed.
Green fluorescent protein (GFP) was used as the gene
product in this study, because it has no known impact
on cellular adhesion. The enhanced GFP (eGFP) vector
(GenBank accession number U55762; Clontech) con-
tains a human cytomegalovirus (CMV) promoter that
drives the eGFP gene and produces the green fluores-
cent protein (excitation maximum 488 nm, emission
maximum 507).15,16 Adhesion studies were conducted
in both the presence and absence of physiological
shear. Tissue culture polystyrene was used as a con-
trol biomaterial.

MATERIALS AND METHODS

Cell culture

Bovine aortic endothelial cells (BAEC) were isolated un-
der standard protocols17 and used between passages eight
and sixteen. Endothelial cell culture was maintained under
standard conditions of 5% CO2, 95% humidity, and 37°C.
BAEC were cultured in DMEM (Life Technologies) supple-
mented with 10% fetal bovine serum (Hyclone), and 1 mg/
mL penicillin-streptomycin (Life Technologies).

Endothelial cell transfection

Transfection of BAEC was mediated by the cationic lipo-
some formulation, 2,3-dioleyloxy-N-[2(spermine-
carboxamido)ethyl]-N,N-dimethyl-1-propanaminium-
trifluoroacetate and dioleoyl phosphatidylethanolamine (3:1
w/w ratio, Lipofectaminet; Life Technologies). Briefly, en-
dothelial cells were seeded into T-75 flasks (Costar, Cam-
bridge, MA) at 30% confluence. They were allowed to attach

and divide to 50–70% confluence and were transfected using
12 mg/mL Lipofectaminet (LifeTechnologies) and 15 mg
eGFP-N1 plasmid DNA (Clonetech) for 6 h in 12 mL of
OptiMEMt (Life Technologies). This ratio was found to be
optimal in producing the largest percentage of transfected
endothelial cells in previous experimentation in our labora-
tory (30%, data not shown). The transfected endothelial cells
were allowed 24 h of recovery before seeding onto test ma-
terials.

Light and fluorescence microscopy assessment of mor-
phology was performed using a Nikon Eclipse TE300 micro-
scope. Images were obtained through an Optronics Mag-
nafire digital camera.

Static cell culture on Fluoropassiv™ material

Transfected and nontransfected BAEC were used in the
assessment of the ability of Fluoropassiv™ material to sup-
port adhesion and growth. Discs of Fluoropassiv™ were
placed in 24-well tissue culture plates (Costar) and secured
using a ring of silicone rubber tubing (3⁄89 inner diameter;
Cole Palmer, Chicago, IL). The entire plate was subjected to
ethylene oxide sterilization. The discs were then coated with
human plasma fibronectin (0.5 mg/cm2; Chemicon, Tem-
ecula, CA).

Twenty-four hours after transfection, the endothelial cells
were removed from their flasks and seeded onto fibronectin-
coated Fluoropassiv™ discs. Each well was seeded with
100,000 nontransfected or transfected BAEC. The area of
each well was 0.71 cm2. At 2, 18, 24, 48, and 72 h after
seeding, the medium bathing the wells was removed. This
medium containing the detached cells was fixed in a phos-
phate buffered saline (PBS) containing 2% glutaraldehyde
and 3% sucrose. Detached BAEC were counted by particle
count (Coulter ZM).

Static cell culture on tissue culture polystyrene

Transfected and nontransfected BAEC were also seeded
onto tissue culture polystyrene as a control for the Fluoro-
passiv™ material described above. Wells of a 24-well tissue
culture plate (Costar) were coated with human plasma fi-
bronectin (0.5 mg/cm2; Chemicon). A sterile ring of silicone
rubber tubing (3⁄89 inner diameter; Cole Palmer) was placed
into each well to provide equal surface areas as those pro-
vided in the section above.

Twenty-four hours after transfection, the endothelial cells
were removed from their flasks and seeded. Each well was
seeded with 100,000 nontransfected or transfected BAEC.
The area of each well was 0.71 cm2. Detached BAEC were
counted by particle count (Coulter ZM). At 2, 18, 24, 48, and
72 h after seeding, the medium bathing the wells was re-
moved. This medium containing the detached cells was
fixed in a PBS containing 2% glutaraldehyde and 3% su-
crose.

Application of shear force on seeded
Fluoropassiv™ discs

Figure 1 describes the protocol for the experimentation
performed. Eighteen hours after seeding, Fluoropassiv™
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discs with nontransfected and GFP-transfected cells were
subjected to physiological shear. Endothelial cells were
seeded onto Fluoropassiv™ discs as described previously.
Briefly, seeded Fluoropassiv™ discs were carefully placed
into a parallel plate flow chamber (courtesy of Dr. Roger
Marchant, Case Western Reserve University).18 The flow
chamber was designed to produce laminar flow across the
surface of the test material. Silicone tubing (1⁄49; Cole Palmer)
was used for the circulation of approximately 6 mL of PBS
(Life Technologies). A roller pump (model 7519-50; Cole
Palmer) was used to produce laminar flow with two cartridges
out of phase to dampen pulsatility. The flow rate was deter-
mined by fluid displacement over time and shear force applied
to the Fluoropassiv™ discs was calculated theoretically.

Shear forces of 4.8 dynes/cm2 were applied to the seeded
graft material for 5 min. This corresponded to a flow rate of
120 mL/min. After 5 min, the fluid in the flow cell was
removed and placed into a 15-mL centrifuge tube (Falcon)
and was centrifuged at 910g (IEC MP4R) for 3.5 min to pellet
the cells. The pelleted cells were resuspended in 2% glutar-
aldehyde solution and counted (Coulter ZM).

RESULTS

Endothelial cell transfection produces
eGFP expression

A typical transfection of endothelial cells achieved
approximately 30% positive transfectants as assessed
by count under fluorescence microscopy (Nikon
Eclipse TE300). No significant cell death was observed
in the transfected flasks as compared with the non-
transfected flasks (data not shown). Furthermore,
morphology of transfected BAEC resembled that of
nontransfected BAEC when observed under light and
fluorescent microscopy, as shown in Figure 2.

Static cell culture

Detached BAEC were counted by particle count
(Coulter ZM). Detached cells were counted instead of

attached cells to separate the effects of cell division
from the absolute counts. To minimize uncounted
cells and produce accurate cell counts, the spaces un-
derneath the graft material and the silicone tubing
were checked for any cell attachment by trypsinization
and counting. No significant cell population was seen
in either area (data not shown). The numbers of de-
tached cells stated in this section are based on an ini-
tial seeding number of 100,000 BAEC. Table I presents
data regarding attachment of nontransfected and
GFP-transfected BAEC to both tissue culture polysty-
rene and Fluoropassiv™ discs.

Attachment time course on Fluoropassiv™ material

The number of nontransfected and transfected cells
detached from Fluoropassiv™ discs at 2, 18, 24, 48,
and 72 h was assessed by Coulter count. Figure 3
graphically summarizes these data. The time t = 0 rep-
resents 24 h after transfection and exposure of the cells
to lipid and start of seeding onto Fluoropassiv™ discs.
Data are presented as mean ± SEM.

At 2 and 18 h, there was a statistically significant
difference in the number of detached cells between
nontransfected and GFP-transfected BAEC (n = 12 and
p < 0.05). This difference between nontransfected and
GFP-transfected BAEC disappeared from the 24- to
the 72-h time points (Fig. 3).

Attachment time course on tissue
culture polystyrene

The number of nontransfected and transfected cells
detached from tissue culture polystyrene dishes (Cos-
tar) at 2, 18, and 24 h was assessed by Coulter count.
Figure 4 is a graphical representation of these data.

The differences between nontransfected and GFP-
transfected BAEC were statistically significant (p <

Figure 1. Nontransfected and eGFP-transfected BAEC were seeded and allowed to attach on Fluoropassiv™ discs for 18 h.
The supernatant containing the detached cells was removed and counted. Fluoropassiv™ discs with remaining attached cells
were subjected to shear stress (4.8 dynes/cm2 produced by the flow of PBS at 120 mL/min). BAEC that detached under shear
were counted using a Coulter ZM particle counter.
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0.05) at the 2- and 18-h time points. Statistical signifi-
cance between nontransfected and transfected BAEC
was lost at 24 h (Table I). However, the number of
detached BAEC in either the nontransfected or the
transfected sets was small with a maximum of ap-
proximately 2000 cells per 100,000 cells seeded. There
was no statistically significant increase in detachment
between consecutive time periods for either the non-
transfected or the transfected cells.

Effects of transfection on BAEC attachment
under shear

Medium bathing Fluoropassiv™ discs was removed
at 18 h and counted as described (see above for re-
sults). The Fluoropassiv™ discs containing cells that
remained attachment at 18 h were exposed to shear.
Figure 5 describes data regarding the detachment of
BAEC from Fluoropassiv™ discs on exposure to shear
of 4.8 dynes/cm2. Of these attached cells, 4554 ± 617

nontransfected and 6981 ± 899 GFP-transfected BAEC
were removed because of shear. The difference is sta-
tistically significant (n = 11 and p < 0.05).

DISCUSSION

Genetic engineering for cardiovascular seeding ap-
plications is a technique that must be assessed for ad-
verse effects that it may have on the ability of engi-
neered cells to adhere to biomaterials. Although cat-
ionic liposomes provide an attractive option for ex vivo
genetic engineering, this method has been previously
optimized for only expression level of the inserted
gene. Furthermore, transfection efficiencies with the
commercial liposomal techniques are below 50% of
exposed cells.19 Expression levels within positive cells
are high, and the duration varies from several days to
weeks. For vascular graft restenosis, this level of ex-
pression duration may be sufficient.20 In this study,

TABLE I
BAEC Attachment to Fluoropassiv™ and Tissue Culture Polystyrene

Material
Type of Cell

Seeded

Number of Detached Cells

2 h 18 h 24 h 48 h 72 h

Fluoropassiv™ disc Untransfected 2470 ± 260 4118 ± 452 14290 ± 4449 15490 ± 5287 46759 ± 12268
Transfected 5720 ± 379 11098 ± 1358 12585 ± 4447 23002 ± 5524 51292 ± 12719

Polystyrene Untransfected 903 ± 232 662 ± 148 891 ± 169
Transfected 1773 ± 293 1717 ± 213 1184 ± 411

Nontransfected and GFP-transfected BAEC were allowed to attach to Fluoropassiv™ discs and tissue culture wells for 2,
18, and 24 h. BAEC attachment to Fluoropassiv™ discs was also assessed at 48 and 72 h. Data are presented as mean ± SEM.

Figure 2. Morphology of BAEC before and after transfection. BAEC were assessed by light and fluorescence microscopy
after GFP transfection for morphological changes due to transfection. (A) Both transfected and nontransfected BAEC under
light microscopy. Arrows mark two transfected BAEC. (B) GFP-transfected cells under fluorescence microscopy. The arrows
mark the same two cells from (A). Note that GFP is a cytosolic protein and therefore does not mark extensions of endothelial
cells as brightly as other areas of the cell. Also, note that the morphology of the eGFP expressing cells is similar to that of eGFP
nonexpressing cells. Scale bars represent 10 mm. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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we have assessed the ability of endothelial cells to
attach to a vascular graft material surface after cationic
liposome-mediated transfection.

At initial time points (2 and 18 h after seeding) GFP-
transfected BAEC were about twice as likely to detach
from either Fluoropassiv™ discs or tissue culture
polystyrene than were nontransfected BAEC. This dif-
ference was statistically significant with p < 0.05. This
would indicate that attachment during this early
phase is affected by transfection and not by the sub-
strate, although the absolute numbers of detaching
cells depend on the substrate to which they are ex-
posed.

When examining the detached cells from seeded
Fluoropassiv™ discs, the population was composed of
approximately the same percentage of transfected
cells, as did the attached cells (data not shown). This
indicates that expression of eGFP does not predispose
cells to detachment and that cells exposed to transfec-
tion procedure were equally compromised in the first
48 h after transfection was initiated whether they were
expressing eGFP or not.

Others have shown that endothelial cells slough off
rapidly under shear conditions leaving 40–60% of the
initially seeded cells on the graft.21,22 For this reason,
the transfected endothelial cells were exposed to shear
conditions to simulate the physiological conditions
that the graft would experience. On exposure to shear
conditions, GFP-transfected BAEC detached from
Fluoropassiv™ discs at 153% the rate of nontrans-
fected BAEC. This difference was statistically signifi-
cant with p < 0.05. This would further indicate a dimi-
nution of attachment ability by transfected BAEC.

In late-phase attachment (after 24 h), the differences
between nontransfected and transfected cells were lost
and nontransfected and GFP-transfected BAEC were
equally likely to detach from their substrate. This loss
of statistically significant difference occurred at the
24-h time point for both Fluoropassiv™ and tissue cul-
ture polystyrene.

Furthermore, in late-phase attachment to Fluoropas-
siv™, increasing numbers of BAEC detached as time
progressed (see Fig. 3). There were no statistically sig-
nificant differences between nontransfected and GFP-
transfected BAEC, as described previously. Because
transfection was accomplished under the same condi-
tions and of the same population, the later-stage de-
tachment of cells is a phenomenon mediated by the
material. The loss of approximately 50% of the seeded
cells from Fluoropassiv™ discs at 3 days is striking. It
indicates an inability of the Fluoropassiv™ graft mate-

Figure 3. Attachment of BAEC to Fluoropassiv™ material.
Both nontransfected (black bars) and GFP-transfected
(striped bars) BAEC were seeded onto vascular graft mate-
rial as described. This figure is a graphical representation of
nontransfected and GFP-transfected BAEC detaching from
the Fluoropassiv™ substrate at 2- through 72-h time points
after seeding. For this experimentation, n = 12 and the dif-
ference between nontransfected and transfected BAEC was
considered statistically significant when *p < 0.05 (as as-
sessed by an unpaired Student’s t test).

Figure 4. BAEC attachment to tissue culture polystyrene.
Assessment of the attachment of nontransfected (black bars)
and GFP-transfected (striped bars) BAEC on tissue culture
polystyrene was conducted. This figure is a graphical rep-
resentation of nontransfected and GFP-transfected BAEC
detaching from plasma-treated polystyrene (Costar) at 2, 18,
and 24 h after seeding. For this experimentation, n = 6 and
the difference between nontransfected and transfected
BAEC was considered statistically significant when *p < 0.05
(as assessed by an unpaired Student’s t test).

Figure 5. BAEC detachment from Fluoropassiv™ under
shear forces. This figure is a graphical representation of non-
transfected (black bars) and GFP-transfected (striped bars)
BAEC detachment from Fluoropassiv™ under shear. The
differences between the groups were statistically significant
when *p < 0.05, (n = 12, as assessed by an unpaired Student’s
t test).
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rial to sustain BAEC attachment and growth. In addi-
tion, as endothelial cells are attachment dependent, it
is highly doubtful that they will divide on or in the
graft to any significant degree if they are not at-
tached.23,24

In a recent study by Kaiser and Toborek,25 it was
found that the concentration of DNA and lipid used in
transfection may cause detachment and death in trans-
fected cells. Whereas no toxicity was seen in our cul-
tures (refer to Fig. 2), our study clearly demonstrates
that there are transfection-related stresses that occur at
subtoxic concentrations of DNA and lipid.

Late-phase attachment to tissue culture polystyrene
was unaffected by transfection. This indicates that
transfected cells recover from transfection 48 h after
transfection. Finally, the lack of a large number of
BAEC detaching from polystyrene as compared with
Fluoropassiv™ suggests that late-phase attachment is
substrate dependent.

In conclusion, optimization of transfection must be
performed for both expression levels and adhesive
abilities. Consideration of the acceptable level of loss
of attachment ability is a prerequisite to assessing the
desirability of cationic lipid-mediated genetic engi-
neering for endothelial cell-seeding applications.

The authors thank Prof. Roger E. Marchant of Case West-
ern Reserve University for the parallel plate flow cell used in
our experimentation and Prof. Nicholas P. Ziats for technical
advice and assistance. We also thank Sulzer Vascutek for the
generous contribution of the Fluoropassiv™ graft material.
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