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ABSTRACT: Plasma polymerization of allylamine, acrylic
acid, and an allylamine/acrylic acid mixture on Silastic�

silicone rubber led to a strong increase in the silicone rub-
ber’s hydrophilicity and surface energy. Analysis of the
deposited layer by X-ray photoelectron spectroscopy with
20° and 70° takeoff angles showed segregation of the atoms
according to the depth and the incorporation of amino
groups, oxygenated groups, and both. The endothelializa-
tion of untreated and treated samples was evaluated by the
seeding and growth of aorta epithelial cells from pigs in

cellular adherence (%), doubling time (in hours), and con-
fluent density (104 cells/cm2). The best results were obtained
with the allylamine/acrylic acid mixture treatment, which
brought a biocompatibility to Silastic� similar to classic tis-
sue culture on polystyrene plates. The interpretation was
based on the presence of NH3

�/CO2� microareas in the
deposited layer. © 2003 Wiley Periodicals, Inc. J Appl Polym Sci
87: 1794–1802, 2003
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INTRODUCTION

The development of various materials has led to im-
portant applications in the field of medicine and sur-
gery. Nevertheless, two essential points must be con-
sidered: (1) biocompatibility—the material must not
create toxic or allergic reactions in a biological envi-
ronment—and (2) structural properties—the material
must resist compression and tension and have good
flexibility.1

Although the biocompatibility of biomaterials has
improved over the years, a perfect surface has not yet
been found, and the synthesis of biomaterials having
both good biocompatibility and good structural prop-
erties is not easy.

The endothelium represents the ideal biocompatible
surface. In an attempt to overcome the toxic nature of
artificial materials, the technique of seeding the sur-
face of biomaterials with endothelial cells has been
developed over the last two decades. When appropri-
ate polymers have been used, the endothelial seeding
has been shown to promote the rapid growth of an
endothelial lining. A major problem with the seeding
procedure is that most currently used materials are
resistant to endothelial cell attachment and therefore

must be precoated with protein or adhesive substrates
(such as fibronectin, fibrin, and collagens) to render
the surface more favorable to endothelial cell attach-
ment. Unfortunately, the ideal adhesive substrate re-
mains to be established: synthetic materials and pros-
theses do not develop in every case in an endothelial
lining after a long implantation in living tissues. To
achieve endothelialization, modifications of surfaces
that are more sophisticated than simple protein appli-
cations needs to be performed. It seems that the failure
of endothelialization is due in large part to an intrinsic
material deficiency in the ability of the synthetic sur-
faces to optimally support the attachment and growth
of the seeded cells. These two biological phenomena that
make up endothelization—attachment and growth—are
different. Cell attachment happens during the first 2
hafter seeding. This initial attachment can be nonspe-
cific and takes place on a range of polymer supports
without necessarily leading to cell lining and growth.

It has generally been shown that a hydrophobic
surface limits the endothelialization process, whereas
a hydrophilic one markedly favors it.2,3 The nature of
the functional groups grafted on the surface is of the
utmost importance for the behavior of the cells. Until
now, the most appropriate functional groups have not
been clearly defined: sulfonic acid,4 carboxyl acid,5,6

amino,7 and hydroxyl8 groups are often cited. So the
polystyrene widely used in tissue culture (marketed as
TCPS and Primaria™) has oxygenated and nitroge-
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nated functional groups deliberately introduced on
the surface in order to successfully improve the endo-
thelialization .5,9 For that reason surface treatments are
being widely developed—to enhance the biocompat-
ibility of numerous polymer materials.

The purpose of the work presented here was to
modify the surface chemistry of polymeric biomaterial
using a polymerization technology called plasma
treatment10–12 or radio frequency glow discharge
(RFGD). This technique provides a unique and pow-
erful method for changing surface properties by de-
positing a plasma layer while keeping the bulk struc-
ture of the treated material unchanged. Silicone elas-
tomers13 have already been used in such biomedical
applications as catheters and contact lenses and more
generally in the cardiopulmonary bypass,14 in the de-
velopment of an artificial cornea,15 and in voice pro-
theses.16 They have been used in plasma treat-
ment,17–19 mainly in the field of membrane techniques.
But only a few investigations have been pursued in
the field of endothelialization.

For all these reasons, we have been interested in the
treatment of Silastic�-marketed silicone rubber by
plasma polymerization of allylamine, acrylic acid, and
a mixture of allylamine and acrylic acid in order to
bring nitrogen, oxygen, and both nitrogen and oxygen
onto the Silastic� surface. The application of oxygen,
nitrogen, or even air plasma to hydrophobic silicon
rubber surfaces already have resulted in a strong hy-
drophilization because of the oxidation of the alkyl
groups. However, in this study allylamine and acrylic
acid plasma–polymerized monomers were chosen be-
cause they might bring many more carboxyl and
amino groups than a simple gas; moreover, a depos-
ited layer can cover and completely isolate the treated
material from the living environment. The wettability
and surface energy, the atomic percentage of the ele-
ments, and the nature of the chemical groups of the
deposited layer were determined using contact-angle
analysis, X-ray photoelectron spectroscopy (XPS), and
FTIR–ATR techniques respectively. Then the adhesion
and growth of endothelial cells from pigs were eval-
uated on untreated and treated samples. Finally, we
tried to deduce information about the relationship
between the characteristics of the plasma-treated Si-
lastic� surface and the ability to promote the endothe-
lialization, which is similar to biocompatibility.

EXPERIMENTAL

Plasma treatment

The details and scheme of the experimental setup used
for the plasma treatment were given previously.20 The
reactor contained a pair of parallel aluminum elec-
trodes (12 cm in diameter, 3 cm apart) coupled with an
rf generator (13.56 MHz). Silastic� samples were sup-

plied by the Dow Corning Corporation (Midland, MI).
Dried samples were placed on the bottom electrode. A
vacuum was established at 3 Pa, and the allylamine
(Merck) and acrylic acid (Merck) vapor flows were
monitored with a Pirani gauge and were regulated to
obtain the desired pressure. The rf power was turned
on, and the plasma treatment was performed. To com-
plete the treatment, the rf power was turned off and
the vapors flows pursued for an additional 10 min.
Then the system was pumped down to 3 Pa for 20 min
before the reactor was opened.

Contact-angle analysis

Static contact angles with water and diiodomethane
were measured with a Kruss G1 goniometer 5 s after
the drop was deposited to avoid evaporation or ab-
sorption by the substrate. Ten measurements on dif-
ferent surface locations were averaged for each sam-
ple. The error of measurement was �1°. Surface en-
ergy (�s) and polar (�s

p) and dispersive (�s
d)

components were calculated with the Owens method.
The accuracy was about �1 mN/m.

Electron spectroscopy for chemical analysis

Electron spectroscopy for chemical analysis (ESCA)
was done via X-ray photoelectron spectroscopy (XPS)
using a Perkin-Elmer Physical Electronics Model 5400
spectrometer equipped with a hemispherical capacitor
analyzer. The Mg-K� X-ray source (nonmonochro-
matic) used to irradiate the samples operates at 15 keV
and 400 W. The resolution for the main Mg peak (3d
5/2) at a pass energy of 35.37 eV using this source is
1.04 eV. The background observed is Bremsstrahlung
radiation because of electrons that have experienced
elastic energy losses emerging from the sample. A
Shirley function is used to correct for the background
of all spectra. Each analysis was performed with two
or three spots per sample, and spectra were acquired
about 15–30 days after the plasma treatment with two
XPS takeoff angles, 20° and 70°, which were, respec-
tively, 2–3 and 5–7 nm deep. All the standard devia-
tions of the atomic percentages were in the range of
0.3%–0.5%. All binding energies were charge refer-
enced to O1s at 532 eV. The interpretation of bonding
energies was based on the results tables.21,22

Scanning electron microscopy

Scanning electron microscopy (SEM) analysis of the
treated surfaces was used to estimate the texture im-
age and to measure the thickness of the deposited
layer by observing slice views (not shown) because it
is impossible to remove it by a mechanical gesture.
SEM analysis was performed with a Jeol 6300 F instru-
ment.
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Infrared spectroscopy (attenuated total reflectance)

The spectra from infrared spectroscopy [attenuated
total reflectance (ATR)] spectra were recorded with a
Brucker IFS 25 spectrophotometer equipped with a
KRS5 crystal (1 � 2.5 cm).

Culture and biological assay with porcine aortic
endothelial cells

Seeding chambers

Disk-shaped pieces of Silastic� were sterilized with
ethylene oxide and dispatched for the application of
the plasma surface treatment operation. The plasma-
treated and -untreated control disks were placed into
tissue culture polystyrene 24-well plates (Fisher Scien-
tific) and retained with press-fit Teflon outer rings. In
this manner a disk of the material was immobilized for
a cell culture and cell assay. The culture surface area
was 1.1 cm,2 and the volume was 1 mL.

Seeding of endothelial cells

Endothelial cells from porcine thoracic aorta23 grown
to confluence in Petri dishes were seeded into the
chambers. The cells were left to adhere to the surface
material in 800 �L of culture medium. After 2 h the
medium was removed, and any nonadhered cells
were washed away with fresh medium. The medium
was changed every 2 days until the cells were conflu-
ent.

Determination of adhesion and growth of
endothelial cells

The cells were seeded at a density of 2 � 104 cell/cm2.
Cells counts were taken 2 h after seeding for the
determination of cell adhesion and every day thereaf-
ter for cell density. The proliferative capacity of the
cells was checked in parallel assay on fibronectin-
coated tissue culture polystyrene well plates and non-
coated tissue culture polystyrene plates. At each ex-
perimental time point a culture plate was washed with
phosphate buffered saline (PBS; Gibco) and the cells
detached with 1% trypsin-EDTA. A Neubauer count-
ing chamber (Hausser Scientific, Pittsburgh, PA) with
an aliquot of the suspension was used to count for
cells. For ease of cell recognition all aliquots used for
counting were diluted at a 1:3 ratio with crystal violet
(0.1%) in citric acid (0.1 mol/L).

The morphology and number of adhered cells were
also evaluated by microscopic examination. For this
purpose cells were fixed in 3.7% formalin (Sigma
Chemicals, St. Louis, MO) for 20 min and stained with
May-Grunwald Giemsa (Sigma). The cells were exam-
ined and counted under a inverted-phase contrast mi-
croscope (Olympus, CK2).

RESULTS AND DISCUSSION

First measurements were done on untreated Silastic�.
The contact angles were 101° with water and 65° with
diiodomethane. These values provided evidence of an
important characteristic of the Silastic� surface, its hy-
drophobicity, as the surface energy calculated by the
Owens method was 25.8 mN/m.

XPS analysis of the reference sample (untreated Si-
lastic�) showed the presence of carbon, oxygen, and
silicon (Table I). Based on the curve fits showed, two
types of oxygen and two types of silicon were present.
The lower-binding energy O component was most
likely the SiOO species, whereas the higher-binding
energy species could be SiO2. The lower-binding en-
ergy Si2p species is likely a result of SiOO (as in
polydimethylsiloxane), whereas the higher-binding
energy component could be a result of Si with at least
one additional oxygen present (as SiO2). The C:Si ratio
in the untreated Silastic� structure was 1.85.

Allylamine plasma treatment

Plasma polymerization of allylamine was achieved at
a power of 75 W under a pressure of 40 Pa. Two
successive 30-min treatments were done to produce a
homogeneous film. These treatments considerably im-
proved the surface hydrophilicity (Table II), leading to
widely higher surface energies; however, these values
evolved with time (Fig. 1).

Moreover, in XPS analysis modifications of the ma-
terial could be observed (Table III). First, the overall
atomic percentages apparently showed little change
for C1s and O1s. At 70O there was a decrease in the
Si2p atomic percentage, compared with both the 20°
data and the reference sample. This may suggest sur-
face segregation of the silicon species from the plasma
treatment. In addition, a nitrogen signal at both an-
gles, but larger at 7°, was found to be present. In
examining the individual species, it appeared that
both individual oxygen and silicon components had
not changed dramatically. There was a slight decrease
in the atomic percentage of the lower-binding energy
component of Si2p at 20° and a more marked decrease

TABLE I
Binding Energies (eV) and Atomic Percentages of
Element (at %) of Untreated Silastic� with Two

Analyses Takeoff Angles

Element

Binding energy
(eV)

Atomic
percentage (%)

20° 70° 20° 70°

C1s 284.8 284.6 43.7 42.7
O1s 532 532

533.6 533.5 32.5 34.2
Si2p 101.6 101.5

102.6 102.7 23.8 23.1
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at 70°, possibly a result of the surface segregation.
However, we noticed an important changes in the C1s
region. Two new higher-binding energy components
arose in the 70° spectrum, at approximately 286.2 and
288.3 eV. It was speculated that the 286.2 component
might be a result of either COO or CON because

nitrogen was present on the surface, whereas the 288.3
eV component might correspond to a carbonyl-type
species.

The ESCA results were confirmed by FTIR–ATR
spectroscopy, which showed a probable �CAN band at
1660 cm�1 and a �NH band at 3290 cm�1. For this, dry
samples were used to avoid the most water absorp-
tion. These two bands did not exist in the untreated
Silastic� (Fig. 2). We can reasonably suggest that imine
and amide groups are present on the surface.

Finally, scanning electron microscopy showed a
smooth, homogeneous, and thick film, with a depth
approximately equal to 300 nm (Fig. 3).

Acrylic acid plasma treatment

Optimized plasma polymerization of acrylic acid (100
W, 30 Pa, 2 successive 30-min durations) led to a film
on the Silastic� surface that was more hydrophilic than
that obtained using allylamine. The contact angles
were lower (Table II), and as a consequence the sur-
face tension was higher (Fig. 1).

XPS analysis (Table IV) showed that the modifica-
tions observed were quite similar to those of the ma-
terial treated with plasma of allylamine. The overall
atomic percentages showed little change in the overall
C1s and O1s atomic percentages. At 70° there seemed
to be a decrease in the Si2p atomic percentage, com-
pared with both the 20° data and the reference sample,
also probably a result of the surface segregation of the

TABLE II
Evolution of Contact Angle of Plasma-Treated Silastic� with Storage Time in Days

(Day 1 Means Just after Plasma Treatment)

Plasma treatment

�H2
O (°) �12CH2

(°)

day 1 day 15 day 30 day 1 day 15 day 30

Untreated Silastic� 101 65
Allylamine 66 93 97 56 60 64
Acrylic acid 44 88 94 39 75 93
Allylamine/acrylic acid 67 88 90 45 54 58

Figure 1 Surface energies (mN/m) of Silastic� treated by
(a) allylamine plasma, (b) acrylic acid plasma, and (c) al-
lylamine/acrylic acid mixture plasma.

TABLE III
Binding Energies (eV) and Atomic Percentages of

Elements (at %) of Silastic� Treated by Allylamine
Plasma with Two Analyses Takeoff Angles

Element

Binding energy
(eV)

Atomic
percentage (%)

20° 70° 20° 70°

C1s 284.9 284.7
286.2 43.3 45.3
288.3

O1s 532 532
533.6 533.5 32.8 32.9

Si2p 101.9 101.7
103.1 102.9 22.9 18.1

N1s 400.1 399.8 1.0 3.7
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silicon species. In examining the individual species,
we noticed that both oxygen and silicon components
had changed slightly. On the other hand, changes
occurred in the C1s region. Two new higher-binding
energy components had arisen in the 70° spectrum, at
approximately 286.3 and 288.5 eV, which might corre-
spond to, respectively, the COO species and a car-
bonyl type species.

Furthermore, the existence of CAO groups was con-
firmed by FTIR/ATR, with the �CAO band at 1705
cm�1, which could belong to a ketone, acid, or ester
group. We also noticed the �OH band up to 3000 cm�1

(Fig. 2) and probably the carboxyl group were present
on the surface.

Scanning electron microscopy showed a smooth
and slightly cracked film, thinner than that of al-
lylamine plasma, about 200 nm deep (Fig. 3).

Plasma treatment of an allylamine and
acrylic acid mixture

A plasma treatment of Silastic� with a mixture of the
two monomers was done to introduce functional
groups from allylamine (CAN, NH) and acrylic acid
(CAO, OH) on the surface. Some previous experi-
ments led us to select the following treatment param-
eters, which provided a stable discharge, easy control
of the treatment and the best wettability of the treated
supports.

Radio frequency glow discharge was first per-
formed with acrylic acid (50 W, 30 Pa, 10 min) fol-
lowed by a treatment with allylamine (35 W, 40 Pa, 10
min). Then mixture plasma polymerization was
achieved (power: 35 W; mixture: acrylic acid 20 Pa
completed to 40 Pa with allylamine; treatment dura-
tion: 10 min). Plasma polymerization of both al-
lylamine and acrylic acid permitted a great improve-
ment of the surface hydrophilicity. The contact angles
showed the wettability improvement on day 1 (Table
II). The values were not stable with storage time but
remained smaller than those determined with al-
lylamine or acrylic acid separate plasmas. After 30
days the surface energy was equal to 30 mN/m (Fig. 1)
compared with 26 mN/m and 17 mN/m for, respec-
tively, the allylamine and acrylic acid plasmas.

The main characteristic that XPS analysis showed
was the presence of a large nitrogen signal, which was
bulk-segregated, whereas the silicon was surface- seg-
regated. The nitrogen atomic percentages were 4.4 (�
� 20°) and 10.8 (� � 70°). These values (Table V) were
higher than those for the plasma of each monomer.
There appears to have been an increase in the overall
carbon signal and conversely a decrease in the total
oxygen signal compared with the reference sample.
We also noticed an increase in the 286 eV component,
particularly at 70°. Furthermore, there was an appar-
ent decrease in the higher-binding energy oxygen
component, again particularly at 70°.

Figure 2 FTIR–ATR spectra of (a) Silastic�, (b) allylamine, (c) acrylic acid, and (d) allylamine/acrylic acid mixture
plasma–treated Silastic�.
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Consequently, we concluded that the mixture
plasma allowed the more important incorporation of
functional groups that were otherwise brought to the
fore with FTIR–ATR spectroscopy. Indeed, we noticed
�C�N at 1660 cm�1 and �OH or �NH at 3390 cm�1 (Fig.
2) with weak absorption because of the thinness of the
layer.

Finally, at the structural level, scanning electron
microscopy showed a very slightly cracked film with a
depth of 40 nm (Fig. 3).

The three kinds of plasma polymerizations permit-
ted a great improvement of the surface hydrophilicity
by the incorporation of functional groups onto the

Figure 3 Scanning electron micrographs of (a) Silastic�, (b) allylamine, (c) acrylic acid, and (d) allylamine/acrylic acid
mixture plasma–treated Silastic�.

TABLE IV
Binding Energies (eV) and Atomic Percentages of

Elements (at %) of Silastic� Treated by Acrylic Acid
Plasma with Two Analyses of Takeoff Angles

Element

Binding energy
(eV)

Atomic
percentage (%)

20° 70° 20° 70°

C1s 284.7 284.8
286.3 43.0 45.1
288.5

O1s 532 532
533.6 533.5 33.9 37.8

Si2p 101.9 101.7
103.2 103.0 23.1 17.1

TABLE V
Binding Energies (eV) and Atomic Percentages of

Element (at %) of Silastic� Treated by Allylamine and
Acrylic Acid Mixture Plasma

Element

Binding energy
(eV)

Atomic
percentage (%)

20° 70° 20° 70°

C1s 284.9 284.9
286.7 286.6 48.5 53.2
288.4 288.3

O1s 532 532
533.6 533.6 30.5 28.2

Si2p 101.8 101.7
103.1 102.8 16.6 7.8

N1s 400.3 400.1 4.4 10.8
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surface, notably acid groups, amide groups, or both.
This was confirmed by ESCA measurements, which
were done about 15–30 days after the treatment. Nev-
ertheless, in the three cases hydrophilicity decreased
according to the storage time. For all plasmas the
silicon atomic percentage was greater in the depths
(4–6 nm) than on the surface. Actually, movements of
macromolecular chains might occur on the surface of
the film, leading to a reorientation of polar groups
toward the material bulk to minimize the interfacial
energy. This phenomenon was favored by the high
flexibility of silicone as well as an inadequate
crosslinking of the plasma layer itself because of an
inconvenient appropriateness between the power and
the gas flow during the plasma treatment. We also
considered the migration of short macromolecular
chains containing silicon toward the surface. This in-
terpretation was confirmed by various authors for
high wettability films.24–26 Thus, the surface of poly-
mers should not be seen as a rigid plane but as reor-
ganizing according to the environment.27 Basically,
putting the samples in water permitted the attainment
of back hydrophilicity improvement. Thus, cells seed-
ing at the film surface led to the restoring of properties
observed just at the end of treatment. For the mixture
plasma the carbon and nitrogen amounts were higher
on the surface than were those of the allylamine or
acrylic acid plasmas. Chain movements were then less
important for the mixture, which showed there was a
higher crosslinking on the surface. The significant C:Si
ratio was probably a result of an important mixing
and the incorporating of the two monomers.

Scanning electron microscopy showed a thin
plasma layer. Consequently, this film was more com-
pact, cohesive, and dense, and it contained more func-
tional groups than those obtained by the allylamine or
acrylic acid plasmas.

The functional groups’ incorporation mechanisms
are very complex and difficult to demonstrate. Never-
theless it is well known that plasma mechanisms are
based on reactions of radicals from monomers and the
surface.

The results described above allow for some expla-
nations. For allylamine plasma the polymerization
was done with allylamine bonds breaking and recom-
bining. So there was no preference between imine or
amide entities. A possible mechanism for allylamine
plasma, where P indicates the macromolecular chain,
is suggested below. The plasma polymerization of
allylamine might proceed in this way despite the sta-
bilization of the radical if the very particular reactions
taking place in the plasma state are considered. In our
study amide formation was a result of oxygen incor-
poration into the plasma film.28–30 It was a product of
interactions between radicals remaining in the plas-
ma-deposited polymers and oxygen from the air when
the material was taken out of the reaction vessel. The

proposed mechanism is consistent with FTIR–ATR
results, which showed CAN and NH groups, whereas
ESCA showed the existence of carbonyl-type species.

Concerning acrylic acid plasma, a reaction mechanism
similar to radical chain polymerization is often put
forward. It can be written as:

For allylamine and acrylic acid plasma the coexistence
of the precedent mechanisms described is probable.

Endothelialization of samples

The treated samples were submitted to a biological
assay using endothelial cells (EC) from porcine aortas.
Tests were done on untreated Silastic� as well as Si-
lastic� treated with allylamine or/and acrylic acid
low-pressure plasma. The proliferative capacity of the
cells was checked in parallel assay on noncoated tissue
culture polystyrene plates (PS) and on fibronectin-
coated tissue culture polystyrene (PS/Fn) well plates.
PS and PS/Fn were references that were biocompat-
ible and on which growth cell was important. Both
cellular adherence and cellular growth were exam-
ined. A surface allowing cell adhesion was not neces-
sary for leading to growth.

In our study all the treatments developed (al-
lylamine and/or acrylic acid plasma) permitted endo-
thelial cell adherence and growth (Fig. 4 and Table VI),
although no adhesion was observed on untreated Si-
lastic�. The percentage of seeded cells was close to the
polystyrene value and weaker than the fibronectin-
coated polystyrene value.

The EC on Silastic� treated by acrylic acid had a
slower cellular growth (Fig. 5). Moreover, the dou-
bling time—time necessary for a cell to divide—was
significantly higher (39.9 h) than for the references
(28.9 h), whereas the doubling time for allylamine
(33.5 h) and the mixture (30.7 h) plasma were only
slightly different from the references. Finally, the EC
confluent density on Silastic� treated by acrylic acid
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was clearly lower than that of the references and both
the allylamine and mixture plasmas.

In conclusion, the best biological results (Table VI)
were obtained with the mixture and allylamine plas-
mas. In fact, the biocompatibility improvement was a
result of the introduction of polar groups on the sur-
face of the Silastic�. Even if the surface wettability had
arisen in the adherence and growth processes, surface
chemistry (or charge surface) resulting from the
charged functional groups at the physiological pH
was a very important factor in the cell adherence,
spreading, and growth phenomena.

We have shown that allylamine plasma allowed EC
adherence and growth. The amino groups of the Si-
lastic� surface were probably positively charged in the
culture environment (pH 7.3–7.4). As most cells and
serum proteins were negatively charged on their sur-
face, electrostatic interactions between protein sur-
faces and positively charged amino groups could oc-
cur.

The carbonyl groups brought by acrylic acid plasma
were probably negatively charged (pKa slightly up, to
10) in the culture environment (pH 7.3–7.4), forbid-
ding electrostatic interactions with most of the serum
proteins, also negatively charged on their surface.

Then cell adherence of Silastic� treated with acrylic
acid resulted from high surface wettability.15

For the mixture plasma an interaction between NH2
and CO2H groups was considered, which would lead
to the formation of NH3

�/CO2
� microareas that would

improve biocompatibility.31

O
�

PmNH2 � PnCO2H 3 PmNH3
� �OCPn

This interaction would take place in plasma phases on
nondeposited oligomers or would exist for the depos-
ited film for close amino and acid groups. The mi-
croareas would bring ionic interactions that would
provide a more important surface reticulation. The
experimental results showed that after 30 days the
surface energy was higher for the mixture plasma than
for the allylamine or acrylic acid plasmas. Then the
mixture would lead to a more reticulated film, and the
existence of microareas is quite possible.

Finally, for the mixture plasma, we proposed a po-
lymerization mechanism with NH3

�/CO2
� microareas

that could bring an important surface reticulation be-
cause of ionic interactions. This treatment yielded
characteristics similar to these observed for PS (adher-
ence percentage, cells spreading, doubling time, and
cellular survival).

Plasma polymerization with a allylamine/acrylic
acid mixture permitted the optimum endothelializa-
tion of porcine aorta endothelial cells.

CONCLUSIONS

To improve endothelialization, the Silastic� surface
was modified by plasma polymerization. We have
clearly shown that plasmas of allylamine, acrylic acid,
and allylamine/acrylic acid mixture gave good re-
sults. Higher hydrophilicity of the Silastic� surface
was obtained because of the introduction of polar
functional groups.

TABLE VI
Summary Table of Biological Results (see Fig. 4 for
caption). Data Represent Mean Values � Standard
Deviations of 13 Independent Experiments Using
Aortic Cells from Pigs in Which All Conditions

Were Assayed Simultaneously

Material

Cellular
adherence

(%)
Doubling
time (h)

Confluent
density

(104 cells/cm2)

PS 60.2 � 9.3 28.9 � 3.5 8.46 � 0.92
PS/Fn 65.3 � 6.5 27.6 � 3.1 8.74 � 0.42
Si no adhesion no growth no growth
Si/Al 60.7 � 5.9 33.5 � 5 7.23 � 0.77
Si/Ac 60 � 5 39.9 � 6.7 5.66 � 0.96
Si/Mix 60 � 4.4 30.7 � 3.7 7.75 � 1.06

Figure 4 Cellular adherence (% of seeded cells), doubling
time (h), and confluent density (104 cells/cm2) for polysty-
rene (PS), fibronectin-coated polystyrene (PS/Fn), untreated
Silastic� (Si), Silastic�-treated by allylamine plasma (Si/Al),
acrylic acid plasma (Si/Ac), and allylamine/acrylic acid
mixture plasma (Si/Mix).

Figure 5 Endothelial cell growth with function of time for
Silastic� treated by different plasmas (see Fig. 4 for caption).
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From the XPS analysis it was clear that plasma
polymerization led to deposited layers that included
C, O, and N species, depending on the kind of mono-
mer. This was confirmed by FTIR–ATR and SEM.
Nevertheless, experiments demonstrated that ac-
quired wettability was not permanent. It decreased
with time and stabilized after some days. The surface
was not completely crosslinked, which allowed move-
ment of macromolecular chains, with polar groups
returning toward material bulk to minimize interfacial
energy. But the initial characteristics of plasma treat-
ment were regained when the sample were put into
water. Because an organism is an aqueous media, we
thought that plasma polymerization on the surface of
materials would improve their biocompatibility. This
was confirmed by biological studies. Adherence and
growth studies of porcine aorta endothelial cells were
performed, with results showing that Silastic� treated
by allylamine or/and acrylic acid plasma was very
interesting. The best results were obtained with a mix-
ture plasma. Indeed, we obtained the same optimum
cellular growth characteristics as those observed for
the tissue culture polystyrene plate.

Silastic� treated by mixture plasma seems to be an
exploitable process, for example, in the development
of bioartificial substitutes, as hemocompatible vascu-
lar prostheses, or as artificial corneas. In the future the
biocompatibility of this new surface will be evaluated
by in vitro cellular tests using human endothelial cells
(saphenous vein cells).
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