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Nowadays, poly (ethylene terephthalate) (PET) textiles, either knitted or woven, are largely used as
substitutes for replacement of medium and large calibre (10–40 mm) arteries. Unfortunately, these substitutes do
not perform well when they are used to replace small diameter arteries due to thrombogenicity and compliance
mismatch issues. Surface treatments were often used as the first step to solve thrombogenicity issues. For example,
low pressure ammonia plasma processes can provide modification of the top ≈ 10–50 Å of polymer surface without
affecting bulk properties of materials. This work compared ammonia plasma surface modifications of PET film
(flat surface) and PET scaffolds (porous surface). Plasma treatments lead to a higher amount of nitrogen as well
as amino groups on scaffolds compared to films. N/C maximum was reached for PET film and scaffold after
plasma treatments of 5 s and 100 s, respectively. Highest amine concentration on films and scaffolds were obtained
at short treatment time, specifically 1 s. In addition, high resolution spectra of C 1s confirmed that amino groups
were mainly grafted on aromatic rings. Nodule formation was observed after plasma treatment with atomic force
microscopy. Their size and shape increased with longer treatment time.

PACS: 52.40.−w, 52.77.Bn, 52.77.Fv, 52.80.Pi

1. Introduction

Today, artherosclerosis is the number one cause of mor-
bidity and mortality in the developed country. This dis-
ease causes hardening of the arteries, diminishes flow in
arteries, and it can also completely obstruct the blood
flow. [1, 2]. Treatment is basically surgical and con-
sists of bypassing the nonfunctional vessel segment to
restore flow. Nowadays, poly (ethylene terephthalate)
(PET) knitted or woven with coated (heparin or colla-
gen) or no-coated is largely used as substitute for re-
placement of medium and large calibre (10–40 mm) ar-
teries such as aortofemoral [3, 4]. The complication with
PET vascular graft in the area of small vascular graft
are thrombogenicity [5], compliance mismatch [6] and
true aneurysm [7]. The communications of endothelial
cells (EC) with the polymeric surface begin with covalent
immobilization of bioactive compound onto functional-
ized polymer surfaces. For that reason, surface treat-
ments are the first step to enhance the biocompatibil-
ity of biomaterials [8, 9]. In surface functionalisation,
low pressure plasma processes can provide modification
of the top ≈ 10–50 Å of polymer surface without affect-
ing bulk properties of materials. Surface modification by
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ammonia (NH3) plasma of PET films is well documented
[10–12]. In accordance with operating parameters (pres-
sure, power, time, gas flow rate), the quantity of nitrogen
may reach ≈ 20% respectively on the surface of PET films
[13] and the ratio NH2/N is in the order of 10–20% [12].

In this study, low pressure (ammonia gas precursor)
RF plasmas is employed with variant treatment times
(1 s, 15 s, 60 s, 100 s, 200 s) to create species on the sur-
face of PET. PET film with flat surface and PET scaffold
with porous surface are employed as testing materials.
Amine groups are characterized and quantified by deriva-
tization reaction (5-bromosalicylaldehyde is coupled with
amino groups) in the vapour-phase and chemical species
on modified surface are assessed by X-ray photoelectron
spectroscopy (XPS). The evolution of the topography of
PET film and PET scaffold surfaces are measured by
atomic force microscopy (AFM) and scanning electron
microscopy (SEM) techniques.

2. Materials and methods

Piece of PET films (0.1 mm thickness, biaxial ori-
ented) is purchased from Goodfellow (Huntingdon, Eng-
land) while PET scaffolds are obtained from Institute of
Materials Industrials (IMI) (Montréal, Canada). PET
films and PET scaffold of 4 cm × 1.6 cm are prepared
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in the shape of rectangle. Plasma treatments are per-
formed in cylindrical plasma reactor. The precursor
gas used was high purity ammonia gas (99.99% purity)
from Matheson Tri-Gas Inc. (Newark, CA, USA). The
following parameters: pressure (300 mTorr) and power
(15 W with a radio frequency of 13.56 MHz) are kept
constant during plasma treatment. Only the time is var-
ied from 1 s to 200 s. Chemical derivatization for amine
quantification: reagent 5-bromosalicylaldehyde, 98% is
purchased from Sigma Aldrich (Milwaukee, WI). Briefly,
the reaction of vapor-phase chemical derivatization is
achieved in sealed glass tube. The chemical derivatiza-
tion reaction is proceeded for 2 h at 85 ◦C. XPS spectra
are recorded using a PHI 5600-ci spectrometer (Physical
Electronics, Eden Prairie, MN). A standard monochro-
matic aluminium X-ray source (Al Kα = 1486.6 eV) at
300 W with neutralizer is used to record the survey spec-
tra (1200–0 eV) while high-resolution spectra is obtained
by using the monochromatic magnesium X-ray source
(1253.6 eV) at 300 W without charging neutralization but
with energy referencing. The detection is performed at
45◦ with respect to the normal surface and three points
were analysed. Surface of samples are investigated by
JEOL JSM35CF SEM under a 1.5 kV accelerating volt-
age. Magnification of 600× is used for imaging samples.
An area of 1000 nm × 1000 nm is scanned to obtain the
topography of the surface of samples with AFM (Digital
Instruments, Santa Barbara, CA) in tapping mode.

3. Results and discussion

XPS survey of untreated and treated PET is presented
in Fig. 1. It confirms that modification of the PET film is
successfully realised. Similar result is obtained for PET
scaffold.

Fig. 1. Typical XPS survey spectra of untreated and
treated PET film.

Amine (NH2) concentration as a function of plasma
treatment times were presented in Fig. 2a. Amazingly,
after 1 s of treatment higher amount of amines is observed
on the surface of PET; 1.65% and 1.80% for PET film and
PET scaffold, compared to longer treatment times. It can
be hypothesized that longer treatment time etches and
damages surface such as chain scission and creation of
unsaturation. Overall, shorter treatment time is effective

Fig. 2. Amine (NH2) quantity of PET film and PET
scaffold at different plasma treatment time.

to obtain higher amine quantity and seems not harmful
for surface. High-resolution (HR) C 1s XPS analyses of
untreated and treated PET film is presented in Fig. 3.
Untreated PET film and scaffold are mainly composed
of three peaks; carbon atoms bound only to carbon or
hydrogen in benzene ring C–C (285.0 eV), to methylene
carbons singly bound to oxygen C–O (286.6 eV) and ester
carbon atoms O–C=O (289.0 eV).

Fig. 3. C 1s spectra analysis of PET film (a) untreated,
(b) treated at 1 s, (c) treated at 200 s.

Those components are three most intense components,
nevertheless at higher binding energy, we can observe
π–π∗ (291.4 eV) shake-up satellite that corresponds to
aromatic cycle in the chemical structure of PET (Fig. 3a).

After plasma treatment, a new peak is found at
287.4 eV and corresponds to N–C=O and N≡C. In addi-
tion, nitrogen functionality N=C is observed with C–O
at 286.6 eV. Girardeaux et al. [13] supposed that amines
functions (C–NHx) is superimposed on the C–O compo-
nents. However, π–π∗ transition in relation with amine
grafting was not presented in literature. We observed a
significant decrease of higher binding energy of π–π∗ tran-
sition feature after plasma treatments (Fig. 3b and c). It
would mean at the same time, a break-up of π–π∗ shake-
-up or opening of aromatic chain during the plasma treat-
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ment. Figure 4 presents SEM images of untreated and
treated PET scaffold.

Fig. 4. SEM images of untreated and treated PET
scaffold (600×): (A) untreated PET scaffold, (B) treated
PET scaffold.

After plasma treatment SEM did not indicate any dif-
ference between untreated and treated PET scaffold.

Fig. 5. 3D topography illustration of PET film sur-
face before and after plasma treatment: (a) untreated,
(b) 1 s, (c) 60 s, (d) 200 s.

The evolution of the topography of the PET film and
PET scaffold surfaces are measured by AFM analysis.
Figure 5 shows the AFM image of the PET film as a
function of exposure time. The untreated PET film
is relatively smooth and constituted of nodules surface
(Fig. 5a), in agreement with data published by different
authors [16–18]. The average size of nodules are approx-
imately 375 nm2 (Figs. 5a). After plasma treatment, the
quantity of nodules is decreased and they become larger;
the area surface of nodules approximately doubled com-
paring to original surface. The area surface of nodules

can reach 6800 nm2 after 200 s of treatment (Fig. 5a).
At higher plasma treatment time, their shapes turn into
rounded-beads forms (Fig. 5b–d).

4. Conclusions

The results presented in this paper reveal that low
pressure ammonia plasma performed at different treat-
ment time 1 s, 15 s, 60 s, 100 s and 200 s successfully
introduced nitrogen species functionalities on PET film
and PET scaffold. Higher quantity was obtained with
treatment at 1 s for both materials. Amine was grafted
especially by broken aromatic chain. AFM studies re-
veal that after plasma treatment the surfaces of samples
are altered; untreated PET film has conical protuber-
ances surface while after plasma treatment nodules be-
come larger-rounded.
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