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CHAPTER 5

Superhydrophobic modification fails to improve the
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ABSTRACT
To determine whether superhydrophobic modification of small diameter expanded
polytetrafluoroethylene (ePTFE) vascular grafts improves the performance of these
grafts we assessed neointima formation and platelet deposition in standard and
superhydrophobic modified ePTFE grafts.
Standard and superhydrophobic vascular grafts were implanted in the carotid arteries
of 2 rabbits and 2 pigs. Standard and superhydrophobic vascular patches were implanted in the carotid arteries of 7 pigs.
After 4 weeks of implantation all patches were removed and histomorphometric data
were analysed. The early thrombotic effect of superhydrophobic modification was
examined by quantifying platelet glycoprotein receptor (Gp)IIIa deposition onto standard and superhydrophobic modified ePTFE vascular grafts after 15 minutes of in
vitro circulation with human blood.
All superhydrophobic and standard ePTFE vascular grafts occluded 15 minutes to 1
hour after implantation in both rabbit and pig carotid arteries. All implanted patches
remained patent and were completely covered by endothelium. Superhydrophobic
modification of ePTFE vascular grafts did not lead to less neointima formation and
resulted in significantly more platelet deposition than did standard ePTFE vascular
grafts.
Thus, superhydrophobic modification does not improve the performance of small
diameter ePTFE vascular grafts.
Keywords: vascular graft, superhydrophobic modification, wound response
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INTRODUCTION
Expanded polytetrafluoroethylene (ePTFE) vascular grafts and patches are frequently used to reconstruct occlusive diseased human arteries, particularly when
no autologous material is available. However, the incidence of early and late occlusion in the implanted ePTFE vascular
grafts is high, even when anticoagulation
or anti-platelet therapy is used 1. In two
series the four and five year cumulative
occlusion rate of small diameter ePTFE
vascular grafts used for femoral infrapopliteal bypass grafting were 53% and
72%, respectively 2,3. The use of ePTFE
as patch material for arterial wall reconstruction after human carotid endartectomy (CEA) has been more successful. Prospective randomized trials demonstrated
that the results of arterial wall closure after CEA with ePTFE were comparable to
results for saphenous vein 4,5. These results underline the usefulness of ePTFE
for human arterial reconstruction.
Different strategies have been developed
to improve the performance of vascular
grafts. Binding of enzymes or cells that
have antithrombogenic properties onto
the luminal surface of the vascular grafts.
Binding of enzymes to the necessary linking substances may prevent washing off
after implantation into the arterial blood
stream. However, binding of enzymes
may lead to reduced enzyme activity1. The
binding of endothelial cells to ePTFE vascular grafts for peripheral reconstruction
are conflicting. Herring et al6 reported that

binding of endothelial cells to ePTFE vascular grafts did not prove to be more effective than the standard ePTFE vascular
grafts, whereas Deutsch et al7 reported
much better patency rates using endothelial seeded ePTFE vascular grafts compared to the standard ePTFE vascular
grafts. Another strategy focusses on modification of the luminal surfaces of vascular grafts using physicochemical techniques. An example of such a technique
is the superhydrophobic modification of
the luminal side of ePTFE vascular
grafts8,9. An in vitro study demonstrated
that superhydrophobic modified ePTFE
(contact angle >140 o ) inhibited the
spreading of human fibroblasts significantly more than standard ePTFE did
(contact angle 109 o)8.
An in vivo study reported that these
superhydrophobic-treated, 1.5-mm
internal diameter ePTFE vascular grafts
remained patent 1 week after implantation
into rabbit carotid arteries, whereas all
standard ePTFE grafts occluded. In this
study no anticoagulants were used 9.
Another advantage of this strategy was
that the superhydrophobic modification
lasts for at least 6 months in standard
environmental conditions 8. These
promising results encouraged us to
investigate whether superhydrophobic
modification improves the performance
of small diameter ePTFE vascular grafts.
We investigated the effect of
superhydrophobic modification of small
diameter ePTFE vascular grafts on
neointima formation and platelet
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deposition using well characterised in
vivo models and in in vitro circulation
model9,10,11.

CA, USA). A Balzers 320 litre/ minute
rotary pump, in combination with a liquid
nitrogen cold trap was used to reach the
necessary vacuum.

MATERIALS AND METHODS
A 3.5-millimeter (mm) internal diameter
expanded polytetrafluoroethylene graft
(Gore-tex, W.L. Gore & Associates Inc.,
Flagstaff, Arizona, lot number
210463AA-036) was used to prepare
standard
expanded
polytetrafluoroethylene (ePTFE) grafts
and patches and superhydrophobic
modified ePTFE grafts and patches for
both in vivo and in vitro studies.
Superhydrophobic
modification
procedure
The superhydrophobic modification of the
luminal side of the ePTFE vascular grafts
was performed as described previously
[8,9]. Briefly, the 3.5-mm internal
diameter ePTFE grafts with a length of
2.5 centimeter (cm) was cut open
longitudinally allowing treatment of the
luminal surface. The grafts were mounted
on an aluminium sample holder for
superhydrophobic treatment. The
modification consisted of 45 minutes ion
beam etching , using an Ion Tech saddle
field ion source (Teddington, UK) at 4x104
torr argon pressure, 8 milli Ampere and
6 kilo Volt, with rotating sample disk,
followed by an oxygen glow discharge, 5
minutes at 15 mbar oxygen pressure and
a radio frequency power of 50 Watt, using
a Plasmod (Tegal Corporation, Richmond,
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Preparation of standard and
superhydrophobic ePTFE vascular
grafts and patches.
The 1.5-millimeter(mm) internal diameter
ePTFE vascular grafts were prepared
from the purchased 3.5 -mm internal
diameter standard vascular grafts. The
prepared 1.5-mm internal diameter
vascular ePTFE grafts were 1 cm in
length. After the superhydrophobic
modification procedure the opened grafts
were longitudinally closed with
interrupted 9-0 nylon sutures (Autosuture,
Inc.). The 1.5-mm internal diameter
standard ePTFE vascular grafts, and the
3.5-mm internal diameter standard were
also like the superhydrophobic treated cut
open longitudinally and closed as
described above. The patches were made
by cutting the standard and
superhydrophobic modified ePTFE with
an oval mall. The patches had a length of
25 mm while the width was 8 mm. The
3.5-mm internal diameter ePTFE grafts
and the patches were used in the pig
model. The 1.5-mm internal diameter
ePTFE grafts were used in the rabbit and
in vitro circulation model.
Contact angle measurements
Before use all standard and
superhydrophobic fabricated ePTFE
biomaterial were subjected to contact
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angle measurements. Standard ePTFE
biomaterial was used for implantation in
animals when the contact angle was 110–
120o and the superhydrophobic ePTFE
biomaterial was used when the contact
angle was 140-150o. For determination of
the contact angle we used an
axisymmetric drop shape analysis–profile
(ADSA-P) 8. This contact angle analysis
is a method to characterize the interfacial
tension present between a solid, a liquid
and a vapor and reflects the interaction
between solid and liquid materials. The
system utilizes precision optics with
camera in conjunction with image
processing hardware and software to
perform contact angle analysis. Millipore
water droplets were applied at four
different places of the luminal surface of
the ePTFE biomaterial and were
registrated by a ccd camera. The shape
of the droplet was determined and
analysed with a computer. The computer
software calculated the tangent to the
droplet shape and computes the contact
angle.
Scanning electron microscopy
Scanning electron microscopy (SEM) was
used to examine: the luminal surface of
the superhydrophobic treated ePTFE
biomaterial before implantation, for
analysis of the blood deposition onto the
luminal surface after the in vitro
circulation experiments and to examine
the characteristics of in vivo implanted
vascular biomaterial. The vascular graft
materials for SEM analysis were washed

in saline, fixed in 2% glutaraldehyde and
dehydrated in ethanol series. After critical
point drying, the samples were sputter
coated with gold platinum and examined
with FEG-SEM at 2 kV (Jeol 6301 F,
Tokyo, Japan).
X ray photo-electron spectroscopy
To evaluate the physicochemical
characteristics of the standard ePTFE
material versus the modified
superhydrophobic ePTFE material x-ray
photo electron spectroscopy (XPS) was
performed prior to in vitro and in vivo
experiments as described previously10. A
S-probe spectrometer (Surface Science
Instruments, Mountain View, CA., USA)
equiped with an aluminium anode (10 kV,
22 mA) and a quartz monochromator was
used. The direction of the photo electron
detection was 60 o with normal to the
sample. Broad scan spectra were made
with 250x1000mm spot and a pass energy
of 150 electronvolt. The binding energy
scale was calibrated to the C1s peak at
linear background subtraction and the
peaks were decomposed assuming a
Gaussian/ Lorentzian ration 85/ 15 by
using the SSI PC software package.
Elemental surface compositions were
calculated from the integrated peak area’s
employing instrumental sensitivity factors
as supplied by the manufacturer and
expressed in atomic percentage.
In vivo animal experiments
The animal experimental protocols were
approved by the committee for judgement
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of animal experiments of the Medical
School, University of Groningen.
Guidelines for care and use of laboratory
animals were applied.
Rabbit model
We used the rabbit carotid artery model
as decribed previously9. Two Chincilla
rabbits weighing 3.0 ± 0.3 kg were used
for the experiments. The rabbits were
anesthetized by an intravenous injection
of pento-barbital (Aescoket, Boxtel, the
Netherlands). The rabbits were intubated
and inhalation anesthesia was
accomplished with 1% halothane. The
rabbits were operated under sterile
conditions. The carotid arteries were
identified and dissected free from
surrounding tissue. One centimeter of the
right carotid artery was removed and a
standard 1.5-mm internal diameter ePTFE
vascular graft was implanted into the right
carotid artery using end to end
anastomoses using interrupted 7-0
polypropylene sutures (Ethicon, Inc.,
Sommerville, NY, U.S.A.). The
superhydrophobic vascular graft was
implanted in the left carotid artery by the
same procedure. The internal diameter of
the vascular grafts closely matched with
the recipient carotid arteries. The patency
of all vascular grafts was immediately
after implantation checked by Doppler
ultrasound.

74

Pig model
Vascular graft implantation
Before operation all pigs received an
intramuscular injection of ampicilline
antibiotics (Eurovet bv, Woerden, the
Netherlands).
The pigs were anesthetized by an
intravenous injection of Ketamine
hydrochloride (Aescoket, Boxtel, the
Netherlands) and Valium (Dumex,
Hilversum, the Netherlands). The pigs
were intubated and inhalation anesthesia
was accomplished with 2% isoflurane.
All pigs were operated under sterile
conditions. The carotid arteries were
identified and dissected free from
surrounding tissue. After systemic
heparinization with 5000 IU of heparin 1
cm of right carotid artery was removed.
In two pigs a 3.5-mm internal diameter
standard ePTFE vascular graft was
implanted into the right carotid artery with
end to end anastomoses using running 70 polypropylene sutures (Ethicon, Inc.).
In the left carotid artery of these two pigs
a
3.5-mm
internal
diameter
superhydrophobic vascular graft was
implanted by the same procedure.
Vascular patch implantation
In seven pigs the right and left carotid
arteries were identified as described
above. An arteriotomy with a length of
2.5 cm was made in the roof of the artery.
The standard vascular patches and
superhydrophobic patches were
implanted
with
7-0
running
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polypropylene sutures (Ethicon, Inc.) in
the right carotid arteries and left carotid
arteries, respectively. The patency of all
vascular grafts and carotid arteries with
implanted patches were immediately after
implantation and each half hour for 2
hours after implantation checked by
Doppler ultrasound. The wounds were
closed in layers using 2-0 Dexon II bicolor (Cyanamid of Great Britain Ltd,
Hampshire U.K.). Postoperative
anticoagulation treatment consisted of
acetyl salicyclic acid 200 mg daily starting
the first day after operation. Twenty-eight
days after operation the animals were reanaesthetised. The patches were dissected
free and gently rinsed with normal saline.
The animals were then killed with an
overdosis of anesthestic. The middle part
of the patch was used for scanning
electron
microscopy
and
histomorphometric examination.
In vitro circulation experiments
To assess the early platelet deposition
characteristics of standard and
superhydrophobic ePTFE vascular grafts
we used an in vitro circulation model as
described previously10.
Standard (n=7) or superhydrophobic
vascular grafts (n=7) 1.5 mm internal
diameter were placed in a standardized
closed loop system constructed of silicon
rubber tubing and a roller pump.
The vascular grafts were inserted in the
closed loop system in a way that only the
luminal side of the grafts were in contact

with the circulating blood. Part of the
system was immersed in a water bath to
ensure a blood temperature of 37 0C.
Human blood was obtained on the
experimental day from a healthy volunteer
taking no medication. The blood was
anticoagulated with 1 IU heparin/ ml to
prevent coagulation. One vascular graft
was placed in the closed loop system and
after 15 minutes of circulation taken out
and gently rinsed in saline and divided
into two parts. The proximal half of the
graft was used for platelet glycoprotein
receptor IIIa determination as described
previously. In short, the graft was
subjected to an Europium-labeled
antibody directed to the platelet adhesion
glycoprotein IIIa receptor (GpIIIa)
(Dakopatts, Glostrup, Denmark) for 1
hour. After removal of unbound antibody
by rinsing in saline, the graft was emerged
in enhancement solution to release the
Europium label for counting in a
fluorometer (Delfia, Tûrkû, Finland). An
antibody not directed against human
proteins with similar amount of Europium
label was used as negative control of nonspecific binding. Results were corrected
for the graft weight. The distal half of the
graft was processed for scanning electron
microscopy to analyse the deposition
characteristics onto the luminal side graft
.
Microscopy
The midgraft used for for histological
examination was fixed by immersion in
10% formalin for 48 hours. The vascular
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patches were embedded in paraffin and
oriented for transversal sectioning.
Sections were cut at 4 µm and stained for
light microscopy with hematoxylin and
eosin, and modified Verhoeff’s elastin
tissue stain. Immunohistochemistry using
á-actin staining (mouse monoclonal IgG1,
Enzo Diagnostics, Inc., New York, N.Y.)
was performed to identify smooth muscle
cells in the neointima. The inner
neointima boundary was the luminal
surface. The outer boundary of the
neointima was defined as the first line of
the biomaterial.
The patch area/ neointima area ratio was
defined as patch area divided through the
corresponding
neointima
area.
Furthermore the neointima thickness of
each vascular biomaterial was measured
at 10 standard intervals perpendicular to
the luminal surface using video
morphometry (Qwin Leica version 2.3
software).
Statistics
All data are expressed as mean ± standard
error of the mean. Differences in means
were tested for significance using a two
tailed Mann-Whitney test, and p values
<0.05 were considered statistically
significant.

PTFE (n=10) were 117±2 o and 148±1 o,
respectively (p<0.0001).
Scanning electron microscopy
Scanning electron microscopy of the
standard ePTFE showed the typical
pattern of expanded smooth area’s
separated through regular gaps. The gaps
consist of fibers that were perpendicular
orientated towards the smooth areas
(Figure 1a).
Scanning electron microscopy of the
superhydrophobic ePTFE biomaterial
showed that the most striking result of the
superhydrophobic procedure was the
turning of the smooth ePTFE areas into
hairy structures. The ends of these hairy
structures were blunt. The fibers seemed
unchanged in orientation and form (Figure
1b).
X ray photo-electron spectroscopy
X ray photo-electron spectroscopy revealed that superhydrophobic modification of ePTFE material resulted in the
introduction of oxygen as new atomic element to the luminal surface. In addition,
superhydrophobic modification resulted
in a decrease of the carbon – fluoride binding on the luminal surface. Table I.
In vivo animal experiments

RESULTS
Contact angle measurements

The contact angles for standard ePTFE
(n=10) and superhydrophobic modified
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Rabbit experiments
In accordance with the previous protocol9
we used no heparin. In the first rabbit both
standard and superhydrophobic 1.5-mm
internal diameter ePTFE vascular grafts
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A

B

Figure 1a
Scanning electron microscopy (SEM) of standard ePTFE showed the typical pattern of expanded smooth
area’s separated through regular gaps. The gaps consist of fibers, perpendicular orientated towards the
smooth area’s. Bar denotes 10µm.
Figure 1b
Scanning electron microscopy of superhydrophobic ePTFE showed that the most striking morphological
result of the superhydrophobic procedure was the turning of the smooth ePTFE area’s into hair like
structures. The ends of these hairy like structures were blunt. Bar denotes 1µm.

occluded fifteen minutes after
implantation. Gross examination of the
explanted vascular grafts revealed a red
thrombus. Hereafter we modified the

protocol using intravenous heparin as
described in the Materials&Methods in all
following animal experiments. However,
in the presence of heparin also in the
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PTFE
Mean
SEM

(%) C

(%) F

(%) O

F/C ratio

32.3
1.0

67.7
1.0

0.0

2.1

61.1
4.0

3.2
1.2

1.7

Superhydrophobic PTFE
Mean
35.7
SEM
2.2

Table I.
X-ray photospectrometer analysis of standard and superhydrophobic ePTFE demonstrated
that superhydrophobic modification resulted in a decrease of the carbon – fluoride binding
with the introduction of oxygen on the vascular graft surface.

second rabbit both standard and
superhydrophobic 1.5-mm internal
diameter ePTFE grafts occluded fifteen
minutes after implantation.
Pig experiments
Vascular Graft implantation.
Both the standard and superhydrophobic
3.5-mm internal diameter vascular grafts
occluded 1 hour after implantation. Gross
examination of the explanted vascular
grafts revealed red thrombus plug
formation. Hereafter the in vivo vascular
graft implantation procedures were
stopped.
Vascular Patch implantation
One of the 7 operated pigs died the first
day after the operation. Post mortem
examination revealed that the carotid
arteries with the implanted patches were
patent. A cause of death was not found.
The pigs who survived the experimental
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period had an increase in body weight
from 25,9±1 kilogram to 34,9±2 kilogram
body weight after operation; p<0.001.
Four weeks after implantation all standard
and superhydrophobic vascular patches
were patent. At gross examination, there
was no evidence of lumen narrowing. The
patches were taken out for
histomorphometric analysis.
In vitro circulation experiments
The platelet glycoprotein receptor GpIIIa
analysis revealed that platelets deposited
significantly more onto the luminal side
of the superhydrophobic vascular grafts
than onto the luminal side of the standard
ePTFE vascular grafts.
Platelet
deposition
onto
superhydrophobic vascular grafts was
350641±23744 counts per seconde(cps)
(mean ± SEM) labelled GpIIIa antibody/
mg biomaterial, whereas the platelet
deposition onto standard ePTFE was
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Figure 2
Platelet deposition in vitro circulation experiments demonstrated that platelets deposited significantly
more onto superhydrophobic ePTFE compared to standard ePTFE in in vitro circulation experiments.
Values represent mean±sem. (*p<0.006)

208103±22709 labelled GpIIIa antibody
/ mg biomaterial (p<0.006). Figure 2.
Scanning electron microscopy confirmed
the quantative platelet analysis. Extensive
platelet deposition was found onto all
superhydrophobic grafts, whereas all
standard ePTFE grafts showed minor
platelet deposition. In addition besides
numerous deposited platelets, fibrin
strands and adhered erythrocytes were
seen on the superhydrophobic vascular
grafts (Figures 3a,b,c,d).
Microscopy
Light microscopy showed that the
standard and superhydrophobic patches
removed 4 weeks after implantation into
the carotid circulation elicited similar
wound response characteristics. The
luminal surface of both the standard and
superhydrophobic patches were covered
a layer of neo-intima consisting of smooth

muscle cells as confirmed by á-actin
staining. The smooth muscle cells in the
neointima were arranged in a random
pattern within expanded extracellular
matrix. The implantation of both the
standard and superhydrophobic ePTFE
patches elicited a similar inflammatory
response consisting of giant cells and
macrophages present directly adjacent to
the adventitial and luminal side of the
biomaterials (figure 4). The outer
boundary of the neo-intima was formed
by a single layer of endothelial cells as
confirmed by scanning electron
microscopy. The micropores of the
standard and superhydrophobic patches
contained macrophages, fibroblasts and
extracellular matrix.
The carotid arteries adjacent to the
implanted patches showed no or mild
neointima formation. The architecture of
carotid media remained intact.
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Figure 3a
All scanning electron microscopy examinations showed minimal deposition onto standard ePTFE after
the in vitro circulation. Bar denotes 10µm.
Figure 3b
Detailed scanning electron microscopy of standard ePTFE demonstrated the characteristic smooth area’s
of ePTFE with sparse protein and platelet deposition. Bar denotes 10µm.
Figure 3c
All scanning electron microscopy examinations of the superhydrophobic ePTFE after in vitro circulation
showed extensive adherence of blood elements. Due to this extensive adherence the characteristic structure
of the superhydrophobic area’s were lost. Bar denotes 10µm.
Figure 3d
Detailed SEM revealed extensive platelet deposition onto the superhydrophobic ePTFE. The deposited
platelets on their part were covered with fibrin/ protein strands on which erthrocytes deposited. Bar
denotes 10µm.

Figure 4
The thickness of the neointima formation onto standard and superhydrophobic ePTFE patches was similar
at 4 weeks of implantation into the pig carotid circulation. Values represent mean±sem.
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Figure 5a
Standard ePTFE patches showed 4 weeks after implantation into the pig carotid circulation an uniformal
distributed layer of neointima onto the luminal side of the patch. Endothelial cells could be identified.
No thrombus formation was seen onto the luminal side. The outside of the patch was imbedded in tissue
consisting of fibroblasts, lymfocytes and extracellular matrix. Top is luminal side. Original magnification
50x.
Figure 5b
Superhydrophobic patches after 4 weeks implantation into the pig carotid circulation showed an uniformal
distributed neointima onto the luminal side of the patch. The adjacent carotid artery was intact and
demonstrated no neointima formation. Top is luminal side. Original magnification 50x.
Figure 5c and d
The majority of the cells in the neointima of standard ePTFE patches (figure 5c) and superhydrophobic
ePTFE patches (figure 5d) after 4 week implantation were smooth muscle cells as demonstrated by á
actin staining. Top is luminal side. Original magnification 50x.

Histomorphometry
The patch area/ neo intima area ratio for
standard ePTFE and superhydrophobic
ePTFE were 0.87±0.35 and 0.81±0.33
(p=0.77), respectively. The neointima
thickness of the patches for standard
ePTFE and superhydrophobic ePTFE

were 336±21ìm and 299±49ìm (p=0.42),
respectively. See figure 5a,b,c,d.

DISCUSSION
In contrast to a previous study by
Schakenraad et al9, this study shows that
superhydrophobic modification fails to
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improve the performance of small
diameter ePTFE vascular grafts.
Our finding was unexpected because the
fabrication and implantation procedures of
the vascular grafts were performed
according to a similar protocol as
described before8,9. The only differences
between our rabbit experiments and the
results of Schakenraad et al9 are that we
used heparin during the second rabbit
operation and polypropylene sutures
instead of nylon for carotid artery vascular graft end-to-end anastomoses. It
possible that heparin interacts with the
superhydrophobic ePTFE, resulting in loss
of its antithrombin III binding site.
However, it is very unlikely that heparin
induces acute occlusion in both
superhydrophobic and standard ePTFE
vascular graft because heparin coating of
ePTFE vascular graft surfaces is an
effective strategy to maintain vascular
graft patency11. Similarly , it is unlikely
that our use of polypropylene sutures can
explain the difference between the 2
studies because there were no differences
in outcome between polypropylene and
nylon sutures used for end-to-end
anastomoses in a microvenous thrombosis
model12.
Early occlusion can also be due to the
small diameter of a vascular graft. For this
reason we used a larger diameter vascular
graft in pigs. However, also the 3.5-mm
internal diameter vascular grafts in our
pigs also occluded early after implantation.
In another attempt to identify a reason for
occlusion of our grafts we used the
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vascular patches. Histomorphometric
analyses demonstrated that the
superhydrophobic ePTFE patches did not
prevent the intimal hyperplastic wound
response at 4 weeks of implantation into
the pig carotid circulation. Our final
attempt to identify the reason for the
occlusion of our grafts was to use in vitro
circulation model that came available to
us during the experiments.
This in vitro model allows study of early
blood deposition onto vascular grafts. The
platelet deposition results in this study
corresponded with those in our previous
in vitro studies, namely low platelet
deposition onto ePTFE vascular grafts13.
The reason for the discrepancy between
our findings and those of Schakenraad et
al9 remains thus unexplained. However,
since we found that superhydrophobic
modification fails to improve the
performance of small diameter ePTFE
vascular grafts we are forced to state that
superhydrophobic ePTFE vascular grafts
cannot be used in the human circulation.
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