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Abstract

Complications following endovascular aneurysm repair (EVAR) are related to deficient healing around the stent-graft (SG). New

generations of SG with surface properties that foster vascular repair could overcome this limitation. Our goal was to evaluate the

potential of a new nitrogen-rich plasma-polymerised biomaterial, designated PPE:N, as an external coating for polyethylene terephtalate

(PET)- or polytetrafluoro-ethylene (PTFE)-based SGs, to promote healing around the implant. Thin PPE:N coatings were deposited on

PET and PTFE films. Then, adhesion, growth, migration and resistance to apoptosis of vascular smooth muscle cells (VSMCs) and

fibroblasts, as well as myofibroblast differentiation, were assessed in vitro. In another experimental group, chondroitin sulphate (CS), a

newly described mediator of vascular repair, was added to normal culture medium, to search for possible additional benefit. PPE:N-

coatings, especially on PET, increased and accelerated cell adhesion and growth, compared with control PET and with standard

polystyrene culture plates (PCP). PPE:N was also found to increase the resistance to apoptosis in VSMC, an important finding as

aneurysms are characterised by VMSC depletion caused by a pro-apoptotic phenotype. Addition of CS in solution further increased

migration and resistance to apoptosis. In conclusion, PPE:N-coating and/or CS could promote vascular repair around SGs following

EVAR.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In industrialised countries, where the prevalence and
surgical risks of abdominal aortic aneurysms (AAA) are
increasing in ageing populations [1,2], endovascular aneur-
ysm repair (EVAR) with a stent-graft (SG) prosthesis
offers a promising, less invasive alternative to open
surgery. Its widespread use is, however, limited by frequent
e front matter r 2006 Elsevier Ltd. All rights reserved.
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complications such as SG migration [3,4] and persistence of
blood flow into the aneurysm (i.e. endoleaks) [5–7].
Recently, two large randomised studies comparing EVAR
with open repair showed that despite a gain in peri-
operative morbidity and mortality in the EVAR group,
there was no difference in mid-term mortality between both
groups, and more reinterventions were observed in the
EVAR group [8,9]. Mounting evidence suggests that
complications are related to deficient healing around
SGs. Even several years after implantation, SGs were
found to be surrounded by an amorphous, unorganised
thrombus composed mainly of a fibrin matrix and
phantoms of red blood cells, and characterised by a
strong deficit in vascular smooth muscle cells (VSMC),
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myofibroblasts and collagenous extracellular matrix
(ECM) [10–12]. The lack of vascular cell ingrowth into
the graft material limits its fixation to the vessel wall and
prevents a good seal at the neck of the aneurysm. More
generally, it raises concern about the long-term outcome of
this treatment.

Pathophysiology of AAA and surface properties of SGs
are two major factors that can explain deficient healing
around SGs. SGs consist of a metallic structure covered
by a fabric of woven poly(ethylene terephtalate) fibers
(polyethylene terephtalate (PET), Dacrons) or by ex-
panded polytetrafluoro-ethylene (ePTFE). These two
biomaterials have a long clinical history as vascular
implants due to their relatively low thrombogenicity and
good mechanical properties, but they are not optimal for
SG incorporation. The hydrophobic surface of ePTFE is
known to drastically limit cell adhesion [13]. Dacrons

grafts are less inert, and have been shown to result in
slightly improved but still insufficient incorporation [14].
Moreover, the aneurysm wall is characterised by a strong
depletion of VSMC, related to increased apoptosis [15,16].
Development of an external coating that can enhance cell
adhesion, proliferation, migration and resistance to apop-
tosis should help increase SG biological fixation into the
aneurysm and improve the outcome of this minimally
invasive procedure.

We have recently developed a novel plasma-polymerised
thin film coating that is extremely rich in nitrogen
(hereafter called ‘‘PPE:N’’, or N-doped plasma-poly-
merised ethylene), which increases the adhesion of different
cell types [17]. The principal objective of this study was to
explore the potential of this new biomaterial as an external
coating for PET- or PTFE-based SGs to improve healing
around the implant.

Chondroitin sulphate (CS) has recently been identified
among cryptic bioactive factors released by ECM proteolysis,
which foster a fibroproliferative reaction during normal
vascular repair [18]. CS increases resistance to apoptosis of
VMSC and fibroblasts and promotes fibroblast differentia-
tion into a contractile phenotype in vitro [18,19]. Hence, this
readily available polysaccharide could be incorporated into a
bioactive coating to foster further SG incorporation. There-
fore, the second objective of this study was to explore the
potential of CS to add further benefit to the PPE:N coating
in promoting a fibro-proliferative reaction in vitro.

PPE:N coatings were deposited onto thin commercial
PET and PTFE films; physico-chemical characterizations
of the same coatings deposited on glass were carried out
using complementary techniques including attenuated total
reflectance (ATR) FT-IR, X-ray photoelectron spectro-
scopy (XPS, including with chemical derivatization),
contact angle goniometry, atomic force microscopy
(AFM), and ellipsometry. Since these were already
reported elsewhere [17], we shall briefly summarise them
in Section 4 only. In this work, surface characterization
was limited to XPS and to contact angle measurements, in
order to assess possible differences between coatings on the
current substrates with those previously deposited on glass
or on polypropylene [17]. The effect of PPE:N coatings was
evaluated in vitro on VSMC and fibroblasts, the two major
cell types implicated in vascular repair. Cell adhesion,
growth and resistance to apoptosis, as well as myofibro-
blast differentiation were assessed in normal media with or
without the addition of CS in solution.

2. Materials and methods

2.1. Plasma polymer deposition

PET and PTFE films were obtained from DuPont Teijin Films

(Hopewell,VA) and from GoodFellow (Devon, PA), respectively. PPE:N

coatings were deposited on both films using an atmospheric pressure

plasma deposition system described elsewhere [17]. Briefly, this system

comprises a cylindrical, dielectric-coated stainless steel high voltage (HV)

electrode and a grounded planar Al electrode, covered by a 2mm thick

glass plate that serves as a second dielectric layer. The entire apparatus is

placed inside a transparent plastic enclosure containing the controlled gas

atmosphere at a pressure of 1 bar. The PET or PTFE film samples were

placed on the glass plate, which was moved under the HV electrode at

precisely controlled speed. The precursor gas mixture composed of

nitrogen (N2, 10 standard liters per minute, (slm) and ethylene (C2H4, 10

standard cubic centimeters per minute (sccm)) (1000:1 ratio) was

introduced into the discharge zone, an adjustable gap between the HV

electrode and the glass plate, usually 1mm. The discharge duration was

selected so as to create a 75 nm-thick coating. PET and PTFE films were

sterilised using ethylene oxide and ultra-violet (UV) irradiation, respec-

tively, prior to PPE:N film deposition. These sterilization methods were

chosen since they induce minimal surface modification, as assessed by

contact angle measurements described below. After plasma coating,

specimens were still sterile since plasma discharges are known for their

bactericidal effect [20].

2.2. Film characterisation

The elemental compositions of PPE:N films were determined by XPS,

using a Kratos Axis Ultra system with non-monochromatic Mg–Ka
radiation. The spectra were acquired normal to the sample surface; survey

spectra were used to determine the relative nitrogen concentration, [N]

(expressed as the percentage of N with respect to the sum of all detected

elements, excluding hydrogen, which is not detected by XPS). PPE:N

compositions on PET and PTFE were compared to those of coatings

deposited on glass and propylene surfaces [17].

The wettability of PET and PTFE before and after PPE:N coating was

evaluated by static contact angle measurements (Visual Contact Angle

(VCA) Optima, AST Products, Billerica, MA). The surface free energy, gs,
and its polar (gs

p) and dispersive (gs
d) components were calculated after

multiple (nX4) measurements of contact angles with water, formamide,

ethylene glycol and tricresyl phosphate (TCP), according to the method

described by Kaelble [21]. Contact angle measurements were also used to

assess possible surface damage induced on the films by sterilization.

2.3. Cell lines and materials

A7R5 cells, a clonal smooth muscle cell (VSMC) line from rat

embryonic thoracic aorta (ATCC, Manassas, VA) were cultured in

DMEM/F12 supplemented. WI-38 human fibroblasts from normal

embryonic lung tissue (ATCC, Rockville, MD) were grown in Fibroblast

Basal Medium (Cambrex, Walkersville, MD), and used at passages 4–15.

Culture medium was supplemented with 10% fetal bovine serum

(FBS; MEDICORP, Que., Canada) and 1% penicillin-streptomycin

(GibcoBRL, Invitrogen, Grand Island, NY). For each experiment, coated

and control films were cut to fit into 6- or 24-well polystyrene culture
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plates (PCP). PCP surfaces, commonly used for cell culture, served as a

positive control in each test. Chondroitin 4-sulphate was acquired from

Calbiochem (San Diego, CA, USA).
Table 1

Relative elemental compositions, determined from XPS survey spectra

(atomic %)

Elemental composition (%) C N O F

Virgin PET 79 0 21 0

Virgin PTFE 36 0 0 64

PPE:N-coated PET 65 32 3 0

PPE:N-coated PTFE (first set) 58 25 9 8

PPE:N-coated PTFE (second set)a 69 29 1.5 0.5

aDeposition following surface pre-treatment with N2 plasma.
2.4. Cell adhesion, apoptosis, growth, migration and differentiation

assays

Cell adhesion after 1–4 h of culture on the different film surfaces was

determined using crystal violet staining [18], as detailed below. One square

cm film samples were placed at the bottoms of 24-well PCP; their

floatation to the surface was prevented by a cloning cylinder (Fisher,

Pittsburgh, PA) of 10mm diameter and height. This also allowed

controlling the surface area where cells could adhere, and thereby

rendered the tests reproducible. Cells were seeded in the cloning cylinder

in 200ml of normal medium and left to adhere for 1–4 h at 37 1C in an

incubator with 5% CO2. Films were then washed twice in PBS to remove

non-adherent cells; 50ml of 0.75% crystal violet/30% acetic acid was

added to 500ml of PBS for 15min. Films were then washed and allowed to

dry. Three micrographs at 400� magnification were taken by light

microscopy for each sample; the numbers of adherent cells were counted

on each micrograph by a single investigator blinded to experimental

conditions.

Resistance to apoptosis of VSMC adhered on coated films was

compared to that of cells adhered on unmodified films and PCP.

Apoptosis was induced by serum starvation and was assessed using

fluorescence microscopy of unfixed/unpermeabilised cells stained with

Hoechst 33342 (20-(4-ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-2.50-bi-

1H-benzimidazole (HT)) and propidium iodide (PI), as described in our

previous work [19–22]. This technique was shown to accurately

differentiate early apoptotic, late apoptotic, and primary necrotic cells,

and it is more accurate for the evaluation of apoptosis than TUNEL

assays [23]. Briefly, cells were left to adhere and grow to confluence on

films in 24-well PCP. Apoptosis was induced by serum starvation for 4, 8,

16 or 24 h. HT (1mg/ml) was added for 10min at 37 1C. To prevent further

uptake of HT, cells were washed with PBS. PI was added to each sample

to a final concentration of 5 mg/ml, immediately before analysis by

fluorescence microscopy (excitation filter l ¼ 360:4 nm). The percentages

of normal, apoptotic, and necrotic cells adherent to each sample surface

were calculated based on three areas of observation, at a magnification of

200� . To evaluate the impact of CS on VSMC apoptosis on the various

surfaces, CS was added to the serum-free (SS) medium at a concentration

of 0, 125, 250 or 500mg/ml [18] (nX4). Experiments with 8 h serum

starvation were performed in triplicate.

To compare cell growth on the various surfaces, VSMC were added

within the cloning cylinder placed on film samples and left to adhere

during 4 h. To counterbalance the lower degree of cell adhesion on virgin

surfaces (see Section 3) and to obtain comparable numbers of adherent

cells on each surface after 4 h, 10,000 cells were added in wells containing

the virgin films, but only 5000 cells on coated film samples. After 4 h,

media were changed to remove non-adherent cells (henceforth designated

‘‘t0’’). Cells were then allowed to grow for 0, 2, 4 and 7 days. Cell numbers

at each time point were evaluated on 6 wells for each type of surface by

HT-PI staining, according to the apoptosis protocol described above.

Data were expressed as the percentage of initial cell numbers (at t0) on a

similar surface.

Cell migration on each surface, with and without CS, was evaluated

with an adapted wound assay [24]. Cells were grown to near confluence on

both control and PPE:N-coated film samples at the bottom of 24-well

plates, in the centre of which a 23G stainless steel needle (BD-Canada,

Oakville, ON) had been placed horizontally. The needle was then gently

removed, leaving a 0.5mm-wide space free of cells. Cells were then left to

migrate for 12 h in normal serum, with or without addition of CS at

concentrations of 125, 250 or 500mg/ml. Cells were washed and stained

with crystal violet, as described above. Migration was assessed using light

microscopy at a magnification of 100� . Migration was defined as the

ratio of (numbers of cells present in the partially denuded experimental

area over the number of cells present in the initially denuded control
area)� 100. Three fields per well were evaluated, and experiments were

done in duplicate.

Myofibroblast differentiation, as characterised by expression of alpha-

SMA, was assessed by immunoblotting. Fibroblasts were plated on virgin

and coated film samples at the bottom of 6-well PCPs and allowed to

reach confluence. They were then kept in normal culture medium (changed

every other day) for 7 days and retrieved by trypsination. Proteins were

extracted, separated by electrophoresis, transferred to nitrocellulose

membranes and probed as we previously described [19]. The antibody

used was anti-a-smooth muscle actin (anti-a-SMA; Sigma, St. Louis, MO).

All membranes were stripped (2% SDS, 100mM b-mercaptoethanol and

62.5mM Tris-HCl, pH 6.7) at 50 1C for 30min by gentle shaking, then

reprobed with anti-a-tubulin monoclonal antibody (Oncogene, Boston,

MA) as a control for protein loading.

2.5. Statistical analyses

Results are expressed as mean values7standard deviation (SD). Data

were analysed using Student t-tests or multivariate ANOVA, as

appropriate. A p-value of 0.05 or less was considered significant.

3. Results

3.1. Coating characterisation

As expected, PPE:N coatings possessed high nitrogen
contents ([N] �32%), as determined by XPS analysis
(Table 1), values on PET being similar to those on glass
and polypropylene substrates used in previous work [17].
On PTFE, however, the first set of experiments revealed
about 8% F content (see Table 1). This may be due to some
uncoated regions or to volatilised F incorporated into the
coating during plasma deposition, or possibly to a
combination of both. To avoid this, surface pre-treatment
of the PTFE with nitrogen plasma was performed prior to
PPE:N deposition, which yielded surfaces with elemental
compositions close to those of coated PET and glass,
except for a small amount of F (Table 1, PTFE, second set
of experiments). The measured elemental concentrations of
virgin PET and PTFE differ slightly from those expected
from the molecular formulae of the polymers (71.5% and
33.5% carbon for PET and PTFE, respectively). This
disparity is due to unavoidable contamination of the
surfaces by atmospheric hydrocarbons.
Contact angle measurements showed that the PPE:N-

coated surfaces exhibit substantially increased wettability
(reduced contact angles), especially in the case of the
strongly hydrophobic PTFE surface (Fig. 1). The films’
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surface energies, gs, indicative of their wettability by
aqueous media, was found to increase from 38 or 25mN/
m (or dynes/cm) for virgin PET and PTFE, respectively, to
about 56mN/m for the PPE:N-coated surfaces, the same
value reported previously for PPE:N-coated glass [17].
While coated PET and PTFE exhibit similar average
wettabilities, a higher standard deviation was observed for
the coated PTFE. This can be explained by the presence of
some areas on the samples having contact angles close to
801 and confirms the inhomogeneity of the coating on this
substrate.

3.2. Cell adhesion, apoptosis, growth, migration and

differentiation

Cell adhesion on the surface is the first cellular event
required to promote a strong biological fixation of the SG.
PPE:N coatings do increase the adhesion and adhesion rate
of VSMC and fibroblasts compared to untreated control
surfaces (po0:001), as well as to PCP, as shown in Figs. 2
and 3. Virtually, no adhesion is seen to have occurred on
untreated PTFE films (thus, other biological endpoints
could not be tested on these surfaces). In contrast, PPE:N-
coated PTFE was covered with VSMCs. PPE:N-coated
PET gave even higher cell density (p ¼ 0:05). The adhesion
rate was higher on coated PET: adhesion reached the
maximal level after 1 h on coated PET, whereas the number
of adherent cells was still increasing between 1 and 4 h on
virgin PET (Fig. 3). Differences between the two surfaces
were still significant after 4 h (p40:05). While after 1 h
most VMSCs exhibited a rounded morphology on control
PET, cell spreading was observed on the PPE:N-coated
PET (Fig. 2). A similar behaviour was also observed with
fibroblasts (Fig. 3b).

Cell growth was enhanced on PPE:N-coated PET
compared to all other surfaces, including PCP. Difference
was already significant after 48 h (Fig. 4). After 7 days, cell
growth on control PET was significantly lower than on the
other three materials (po0:05).

Regarding resistance to apoptosis, VSMC cultured in the
presence of normal FBS-containing medium displayed a
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higher rate of apoptosis when grown on PET films as
compared with PCP (5.872.9% versus 2.371.0%,
po0:05). No difference was found between PCP and
PET-PPE:N (2.371.0% versus 2.570.4%, p ¼ 0:95)
(Fig. 5a). As availability of growth factors may be limited
in the abluminal side of the SG, which will not be in direct
contact with flowing blood, we evaluated apoptosis levels
of VSMC grown on the various surfaces and exposed to SS
medium. The percentages of apoptotic VSMC increased
drastically when exposed to SS for 8 h, especially for the
case of control PET (35.474.0%), but to a lesser extent on
PPE:N coatings (16.472.2%), even though the latter was
still significantly higher than on PCP (significant differ-
ences were found between all groups (po0:001)). Less
benefit was found in the case of PPE:N-coated PTFE, on
which cells in normal or SS-medium showed significantly
higher apoptosis than those on the coated PET surfaces
(po0:001).
S

%
 a

p
o
p
to

ti
c
 c

e
lls

20

18

16

14

12

10

8

6

4

2

0

15 20 25

-free medium (hours)

N SS SS+CS125 SS+CS250 SS+CS500

* *

**

b

rmal and serum-free (SS) media for 8 h. (*significantly different than PCP

ce of VMSC apoptosis (*po0:01) for the case of PPE:N-coated PET; (c)

a (PPEN-PET+CS: VSMC apoptosis on PPE:N in SS with an addition of

cate, statistical analysis was here only performed for the time point at 8 h



ARTICLE IN PRESS

350

300

250

200

150

100

50

PET PPE:N PPE:N+CS250PET+CS250

0

* *

*

*
*

m
ig

ra
ti
o
n
 (

%
 P

E
T

)
250

200

150

100

50

0

N+500 CSN+250 CSN+125 CSNormal

M
ig

ra
ti
o

n
 (

%
 n

o
rm

a
l 
m

e
d

iu
m

)

a b

c

Fig. 6. (a) Migration of VSMC after 12 h in normal medium on PET or PET-PPEN surfaces, with or without the presence of CS (250mg/ml); (b)

Migration of VSMC on PPE:N-coated PET, with addition of CS (125, 250 or 500 mg/ml); (c) Micrographs illustrating migrations under the various

conditions indicated in a.

α -SMA

tubulin

PET

(N)

PET

(N+CS)

PET-PPE:N PET-PPE:N

(N) (N+CS)

Fig. 7. Immunoblotting analysis showing increased levels of a-actin in

WI-38 fibroblasts when cultured on PPE:N surfaces or exposed to medium

with addition of CS for 7 days (a-tubulin is used as a control).

S. Lerouge et al. / Biomaterials 28 (2007) 1209–12171214
On each surface, incidence of apoptosis was significantly
reduced when VSMCs were exposed to SS containing CS
compared with SS alone (Fig. 5b). As illustrated in Fig. 5c,
addition of CS resulted in additional increase in resistance
to apoptosis on PPE:N-coated PET. The percentage of
apoptotic VSMCs remained around 10% after up to 24 h in
SS, a level close to or even below that observed on PCP
surfaces (Fig. 5c).

Cell migration is a highly integrated multistep process
that contributes to tissue repair and regeneration [25].
VSMC migration from the aneurysmal neck on a SG
implant surface would constitute an important factor
towards achieving neointima formation and healing along
the implant, not only at the necks of the aneurysm. Here,
we have evaluated whether PPE:N coatings can increase
VSMC migration on the surface, using an adapted in vitro
wound assay. PPE:N coating and the addition of CS were
both found to lead to significantly increased migration on
PET films (po0:0001) (Fig. 6), the best results being
obtained when PPE:N coating and 500 mg/ml of CS are
combined (po0:0001).
Finally, as myofibroblasts are essential to wound closure

during normal repair and are also implicated in tissue
contraction [26], we have investigated whether PET,
PPE:N coatings and CS mediators can regulate fibroblast
differentiation. Fibroblasts exposed either to PPE:N-
coated surfaces or to CS in normal medium for 7 days
showed increased protein levels of a-SMA compared with
cells on PET and PCP (Fig. 7). No further increase was
observed when PPE:N was combined with CS in solution.

4. Discussion

4.1. Cell behaviour on PET and PTFE

SG incorporation and biological fixation into the vessel
and aneurysmal walls require the adhesion, growth and
migration of the various cell types implicated in neointima
formation (VSMCs, myofibroblasts) on the surface of the
implant. The development of an AAA is associated with an
intrinsic propensity for aortic VSMC to undergo apoptosis,
leading to progressive loss of tensile forces and to aortic
dilation [27,28]. Under these circumstances, it appears
particularly important to foster a state of resistance to
apoptosis in VSMC and myofibroblasts, in order to
facilitate biological incorporation of the SG. In this study,
we showed that VMSCs and fibroblasts manifested
significantly less adhesion, growth and resistance to
apoptosis on PET and PTFE film surfaces as compared
with PCP. This was indeed expected for the case of PTFE,
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which has a very low surface tension and wettability (1051
water contact angle). Like other strongly hydrophobic
surfaces, PTFE limits protein adsorption and cell adhesion,
and thus favours a programmed form of cell death called
anoikis, which is induced by the loss of cell/matrix
interactions [29]. Cell adhesion observed on control PTFE
films was minimal and, consequently, further study
(growth, differentiation, migration, apoptosis) could not
be undertaken on this material. To a lesser extent, PET
films also manifested lower adhesion and growth than did
the PCP surfaces commonly used for cell culture. More
importantly, the cells that adhered to PET were shown to
be much less resistant to apoptosis induced by serum
starvation. This is of special importance in the AAA
environment, where cells repopulating the SG from the
abluminal side, and thus without direct access to blood
supply, may have a limited access to growth factors. We
used PET and PTFE films in this study for the purpose of
simplifying the in vitro experiments. Since their smooth
surfaces and non-porous structures do not perfectly mimic
vascular fabrics used in endovascular implants, these
results need to be reproduced with commercial graft
materials made of ePTFE or of woven PET fibers
(Dacrons).

4.2. Surface modification by PPE:N coating

To date, very few efforts have been reported to enhance
the incorporation and to stimulate healing around SGs
[30]. Replacement by other polymeric graft materials such
as polyurethane has been reported to improve incorpora-
tion in animal models [14], but insufficient stability and
poor mechanical properties limit the use of this material
[31]. Surface modification of the external surfaces of PET
or ePTFE grafts by plasma discharges appears promising
for favoring cell growth and SG incorporation into the
vessel wall without affecting the mechanical properties and
low thrombogenicity of the luminal surface. Many efforts
have been made to modify polymeric surfaces such as PET
by plasma discharges [32–36]. In particular, surface
functionalisation by nitrogen or ammonia low-pressure
plasma had already proven to increase cell adhesion on
various polymers [35,36]. But, the nitrogen concentration,
[N], that could be achieved was limited and it decreased
with time, an effect known as ageing, which affects surface
functionalisation in general. The plasma-deposited thin
PPE:N coating developed in our laboratory has several
advantages over the above-mentioned surface modifica-
tion, namely a higher [N] value (430%) and the absence of
ageing [17,37]. As previously reported, characterization by
ATR FT-IR has shown the main functional groups in the
PPE:N to be amines, nitriles and some amides. XPS
analysis after chemical derivatization with trifluoromethyl-
benzaldehyde (TFBA, Alfa Aesar) vapour revealed 5–10%
primary amine groups, [NH2]/[N]. The PPE:N coating
possesses much higher surface energy than PET and PTFE
films, largely due to the polar component, gs

p, related to
highly polar groups at the surface. Another advantage of
the PPE:N coating is its highly cross-linked, homogeneous
structure that is not subject to ‘‘hydrophobic recovery’’, or
ageing, unlike plasma-modified polymer surfaces. This
coating can, in principle, be deposited on objects of any
relevant geometry and composition. When deposited on
PTFE, unlike the other substrate materials, its composition
differed slightly and it appeared to be less uniform, as
suggested by contact angle variations between 201 and 801
in some areas. A possible explanation may be that the soft
PTFE films were observed to buckle during plasma
deposition, resulting in varying deposit characteristics over
the surface. This surface heterogeneity may at least partly
explain the differences in cell behaviours and the larger
standard deviations observed for coated PTFE compared
with coated PET substrates. Further work is required to
achieve optimal PPE:N coatings on all surfaces of interest
in this research.

4.3. Influence of PPE:N on cell behaviour

As already mentioned, earlier work had already shown
that PPE:N coatings promote adhesion of various cell
types, including generally non-adherent U937 macro-
phages, mesenchymal stem cells, and chondrocytes
[17,36]. In this study, we have shown that PPE:N coatings
not only increased the densities of adherent VSMC and
fibroblasts compared to virgin PET and PTFE, but also
accelerated cell adhesion, spreading, and viability in
normal media. More important, PPE:N drastically in-
creased VSMC cell resistance to apoptosis induced by
serum starvation, a condition that simulates the lack of
nutrients in aneurysms excluded by SG deployment. Cell
growth after 1 week was found to be significantly increased
on PPE:N compared to all other surfaces, including PCP
that was used as a positive control. Increased cell growth
on PPE:N could be the result of higher proliferation and/or
lower cell death. Since experiments on cell death in normal
culture medium did not show differences between PPE:N
and PCP surfaces, results suggest that PPE:N might
contribute to VSMC proliferation. This needs, however,
to be further evaluated. VSMC adhesion, proliferation and
migration on an implant surface, as well as development of
a state of resistance to apoptosis, are pivotal events for the
initiation of healing around vascular implants, and for SG
incorporation into the vessel wall.
Finally, as myofibroblasts are a key contractile cellular

constituent of healing tissues implicated in wound closure,
we evaluated whether the various surfaces and CS promote
myofibroblast differentiation. Fibroblasts cultured on
PPE:N coatings showed increased protein levels of a-
SMA compared with virgin PET, indicative of a trend
towards their differentiation into myofibroblasts. The
myofibroblast is a contractile form of fibroblasts, char-
acterised by the presence of a contractile apparatus that
contains bundles of actin microfilaments. These terminate
at the surfaces of the myofibroblasts, in the fibronexus—a
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specialised adhesion complex that uses transmembrane
integrins to link intracellular actin with the ECM [26]. This
provides a mechano-transduction system; that is, the force
that is generated by stress fibres can be transmitted to the
surrounding ECM, and it results in soft-tissue contraction.
Myofibroblasts can continuously generate such forces over
long periods of time; they are essential to wound closure
during normal repair and could favour shrinkage of
aneurysms. Hence, in our system, increasing myofibroblast
differentiation could facilitate SG incorporation and
facilitate populating the aneurysmal sac with contractile
cells that promote aneurysm shrinkage.

Signaling pathways implicated in PPE:N-cell interac-
tions are evidently complex and virtually unknown. Cell
adhesion to biomaterial surfaces is known to be mediated
by a layer of adsorbed proteins, the type, quantity and
activity of which are influenced by the properties of the
underlying substrate [38]. In addition to anchoring cells,
adhesive interactions also activate various intracellular
signaling pathways that direct cell viability, proliferation,
and differentiation. Surface chemistry (in particular, the
types of functional groups, for example NH2) is known to
modulate integrin binding and focal adhesion assembly,
composition, and signaling. In turn, various integrin-
mediated cell signaling pathways, such as focal adhesion
kinase, integrin-linked kinase, phosphatidylinositol 3-ki-
nase (PI3K) and extracellular signal- regulated kinases
(Erk) are known to initiate potent anti-apoptotic signals
that may at least partially explain the anti-apoptotic
activity conferred by PPE:N [39,40]. We showed recently
that integrin-dependent activitation of PI3K plays a key
role in inhibition of apoptosis induced by growth factor
deprivation [41].

4.4. Influence of CS on cell behaviour

CS has recently been identified among cryptic bioactive
factors released by apoptotic cells following vascular
injuries. Previous work already showed that chondroitin
4-sulphate can inhibit VSMC and fibroblast apoptosis, and
induce myofibroblast differentiation when cultured on PCP
[18,19]. In this study, we confirmed that development of an
apoptosis-resistant state related to the presence of CS was
in evidence on each of the biomaterials surfaces tested. CS
was found to add further benefit to PPE:N-coating and to
allow resistance to apoptosis to reach levels similar to or
even above those of PCP surfaces. Its benefit was also
evident when examining VSMC migration. Possible me-
chanisms implicated in the development of resistance to
apoptosis by CS have been the subject of recent studies. We
showed that CS can inhibit VSMC apoptosis through
increased extracellular signal-regulated kinases (ERK) 1/2
phosphorylation and protein levels of Bcl-xl, an anti-
apoptotic member of the Bcl-2 family in VSMC [18]. We
also showed previously that CS induces resistance to
apoptosis and myofibroblast differentiation through PI3K-
dependent pathways [41].
5. Conclusions

A local deficit of contractile cells in aneurysms may
prevent SG incorporation and aneurysm healing following
EVAR. Promising in vitro data suggest that PPE:N-
coating of the external surface of a SG, and/or the presence
of CS, could help promote most of the pivotal events
leading to the growth of a fibro-proliferative reaction
around the implant. Due to the numerous limitations of in
vitro studies, in vivo studies are required to confirm the
potential of PPE:N coating. Such approaches may prove to
be beneficial for better SG incorporation, and possibly for
prevention of progressive growth of an aneurysm.
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