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ABSTRACT: The performance of a material in a biological
environment is mainly mediated by its surface properties
and the combination of chemical, physical, biological, and
mechanical properties required for a specific application. In
this study, the surface of a thermoplastic polyurethane
(TPU) material (Elastollan®1180A50) was successfully modi-
fied by plasma treatment. Two different working gases were
studied: argon and oxygen, which promoted the incorpora-
tion of oxygen-containing groups on the surface. The
optimal plasma parameters were investigated by evaluating
the wettability of the surfaces. Changes in the surface func-
tional groups chemistry were studied using X-ray photoelec-

tron spectroscopy (XPS). The obtained results showed that
the plasma treatment process caused surface modifications
that, in all cases, increased the polar nature of the surface.
In terms of the desirable properties, it was found that the
best operational conditions were: 100 W gas plasma, under
a pressure of 60 Pa for 3 min. Argon seems to be more
efficient then oxygen, because lower water contact angle
results were obtained. © 2011 Wiley Periodicals, Inc. ] Appl
Polym Sci 122: 2302-2308, 2011
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INTRODUCTION

In the last few years, polymeric materials have been
widely used as biomaterials. However, only a few
commercial materials exhibit, as a bulk material, the
optimal characteristics for some specific biomedical
applications." When implanted in biological environ-
ment, these materials might be covered by proteins
or colonized by cells or microorganisms (biofouling)
depending on the environment.”* Surface modifica-
tion is a way to overcome this problem. Although,
on surfaces with higher or lower wettabilities, cell
adhesion decrease.*”

For biomedical applications, the most important
surface properties include the chemical structure
(hydrophilicity and presence of groups that could
initiate reaction in biological systems) and the
morphology (the distribution and abundance of
hydrophilic/hydrophobic and crystalline/amorphous
phases and surface topography).” Biomaterial surface
hydrophilicity (or hydrophobicity) influences biocom-
patibility.® Hydrophilicity may be the initial parameter
affecting protein adsorption. It is well known that
hydrophobic surfaces thermodynamically favor the
adsorption of proteins from aqueous solutions, but
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may induce strongly irreversible adsorption and also
denature the protein native conformation and its
bioactivity. On the other hand, a highly hydrophilic
surface may repulse any protein molecules and thus
inhibits protein adsorption. It is known that cell
adhesion increase by decreasing the water contact
angle of the material surface to around 70°.*"~ Maxi-
mal cell adhesion occurs on surfaces with moderated
water contact angle. Due to their physical, chemical,
and degradation properties, polyurethanes are seen
as being potential, optimal materials for various
implant applications (e.g., endoprostheses, cardiac
valves, and/or regenerative membranes for damaged
internal organs). They do not induce any inflam-
matory condition of tissues, and in some cases, they
do not suffer any kind of degradation by body
fluids.'*"

In this work, a commercial preprocessed polyur-
ethane—FElastollan®1180A50 [polyether-based ther-
moplastic polyurethane (TPU)]—was used as sup-
port for the modifications. TPU are currently used in
several industrial branches in particular as coating,
adhesives, engineering materials, and films.'® They
have excellent mechanical properties, chemical sta-
bility, easy processing and can be used in biomedical
application (e.g., as catheters and artificial vein).'*
This material was chosen not only due to its high
mechanical flexibility but also due to its properties
(free from plasticizers and good heat resistance).
Elastollan®1180A50  exhibits excellent abrasion
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resistance, toughness, transparency, hydrolytic sta-
bility, and fungus resistance.'?

Plasma treatment is able to change the surface
energy of polymers, by changing their wettability
and polarity.'® In plasma treatments, the exact con-
trol of the process conditions, such as plasma work-
ing gas, time of reaction, and pressure in the plasma
chamber, allow high surface homogeneity. Due to
the plasma nature, its mechanism is very complex,
but the main effects achieved are surface cleaning,
activation, crosslinking, etching, or, in most cases,
combined effects.'” Plasma irradiation promotes the
formation of free radicals that can act as interlock
points for active species (polar groups).'®

According to the gas used in the plasma treatment,
plasma can by itself introduce groups at the surface
or can be used to activate surface for subsequent link-
age of water soluble polymer chains that are known
to suppress biofouling. In this work, a commercial
polyurethane was studied, this is a material of easy
access with controlled bulk properties and which
could be easily used in several applications if this
surface could be adapted (or modified). Therefore,
the aim of the present study was to evaluate the
influence of argon and oxygen plasma parameters on
the hydrophilicity of TPU film, and to study the func-
tionalization/activation phenomena with the intent of
improving hydrophilicity to enlarge the application
of this material mainly in the biomedical field but
also, for example, in automotive and shoe industry.
In addition, the durability of the plasma treatment as
a consequence of the hydrophobic recovery due to the
rearrangement of the polar groups generated during
and after the plasma treatment was also evaluated.

EXPERIMENTAL
Materials

The solvents, isopropyl alcohol and dimethylforma-
mide (DMF), were obtained from José Vaz Pereira,
S.A, Portugal. Elastollan®1180A50 was obtained
from BASF (Germany). All of the chemicals were
used as received.

Methods
Films preparation

Elastollan®1180A50 films were prepared by solvent
evaporation. Elastollan®1180A50 was dissolved in
DMF to a 10% (w/v) solution. This solution was
poured into glass Petri plates. Then, the Petri dishes
were stored in an oven, at 60°C for 24 h. Afterwards,
films were removed form the dishes.

Elastollan®1180A50 films were ultrasonically
cleaned with isopropyl alcohol for 15 min, prior to
surface grafting experiments.

Plasma surface modification

A laboratory and small-scale production plasma
system FEMTO (low-pressure plasma), manufac-
tured by Diener Electronics (Germany), with a stain-
less steel plasma chamber of 100 mm diameter and
270 mm length, was used for the plasma surface
modification experiments. The TPU films were
placed 80 mm from the electrode. Various parame-
ters were analyzed to evaluate the effects of plasma
treatment, namely working gas (oxygen and argon),
chamber pressure (40-200 Pa), time of irradiation
(1-5 min), and power of plasma (from 0 to 100 W).

Characterization techniques

The contact or wetting angle tests were performed on
air-facing surfaces of samples using the sessile drop
method™”? at room temperature in an OCA 20 con-
tact angle measurement unit from Dataphysics. Nine
measurements on different points were performed on
each sample (three distinct films for each treatment
conditions) from which the mean static contact angle
and its standard deviation were determined. In the
study of the different parameter of the plasma activa-
tion, the measurement of water contact angle was
performed immediately after the treatment.

X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a VGS ESCALAB 200A
spectrometer with an Al Ko X-ray source. The opera-
tion conditions were set to 15 kV. The binding
energy scale was fixed by assigning a binding energy
of 285.0 eV to the —CH,— carbon (1s) peak. The
samples were analyzed at a take-off angle of 0° rela-
tive to the normal of the surface. The Cls, Ols, and
N1s envelopes were analyzed and peak-fitted using a
combination of Gaussian and Lorentzian peak shapes
obtained from the XPSPEAK 4.1 software.

Atomic force microscopy (AFM) was performed in
a Nanoscope IVa Veeco Metrology using the tapping
mode (scan size 4.0 um and scan rate 1.0 Hz). The
average roughness (R,) was calculated directly from
the AFM images.

RESULTS AND DISCUSSION

Influence of the plasma parameters on the surface
hydrophilicity

To modify the surface of the studied TPU without
affecting its bulk properties, a low-pressure plasma
treatment was performed. In the following figures
(Figs. 1-3), the zero time, pressure, or power are
related with the untreated TPU.

To evaluate the variations of argon (Ar) and oxy-
gen (O,) plasma treatment with time, the pressure in
the chamber and the power were kept constant.
Figure 1 shows the results obtained for water contact

Journal of Applied Polymer Science DOI 10.1002/app



2304

80 E Ar plasma treated TPU
E 02 plasma treated TPU
70 B
Z L
° -
60 |
c -
© -
§50 ':- i
Q C <E
Qa0 F
30
C e —T
20_I1|||I||||I|||1I||||l|l||l|
0 1 2 3 4 5

Time (min)

Figure 1 Contact angle variation along different process-
ing times for a constant chamber pressure of 60 Pa and
power of 100 W. The 0 min point is related to the
untreated TPU surface.

angle determinations. When Ar was used, the water
contact angle significantly decreases along the time
from 61.1° (after 1 min) to 32.6° (after 2 min). After 3
min of plasma treatment, water contact angle reaches
a constant value of about 24°. When O, was used, the
behavior was much more irregular, and a minimum
value of water contact angle was obtained for 3 min
of processing time. After this time, the water contact
angle starts to increase probably due to the etching
effect of the plasma treatment.’

The results presented in Figure 2 show the influ-
ence of operational pressure inside the chamber,
with a constant power of 100 W and the processing
time of 3 min. Water contact angle significantly
decreases from the result obtained for the unmodi-
fied film to when a chamber pressure of 40 Pa was
employed. The minimal value is obtained for a
chamber pressure of 60 Pa and then, for higher
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Figure 2 Contact angle variation with different pressure
inside the chamber for a constant power of 100 W and
processing time of 3 min. The 0 Pa point is related to the
untreated TPU surface.
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Figure 3 Variation of the water contact angle along dif-
ferent power of plasma, with constant processing time of
3 min and chamber pressure of 60 Pa.

chamber pressure values, the water contact angle
starts to increase. This effect could be probably due
to not only etching,®" but also the fact that the
plasma state can only be achieved at low pressures
from about 1 to 100 Pa, which could reduced plasma
activity at the surface. Once again, when Ar is used
as the working gas, the decrease in the water contact
angle is more significant.

In another experiment, the power employed in the
plasma treatment was evaluated. The chamber pres-
sure (60 Pa) and the time of reaction (3 min) were
kept constant. The results shown in Figure 3 show
the obtained water contact angle results. These
results suggest that water contact angle decreases
with the increasing of the power input, because
higher power leads to higher ionization of atoms
and molecules that induce surface modification of
the films.?! When Ar is used, the contact angle
decreases from 82.7° down to 23.9°, at a power input
from 0 W to 100 W, respectively. When O, was
used, the water contact angle decreases from 82.7°
down to 37.8°. Therefore, from all the obtained
results, hydrophilicity increased when the working
conditions for the TPU surface activation are: 100 W
gas plasma, under a chamber pressure of 60 Pa, for
3 min, for both working gases (Ar and O,). How-
ever, Ar seems to be more efficient than O, because
lower water contact angle results are always
obtained at the same conditions.

The results presented in Figure 4 show the variation
in contact angle after the plasma treatment (at a power
of 100 W and a pressure of 60 Pa for 3 min) with the
two different gases: oxygen (O,) and argon (Ar).

Hydrophilicity was highly improved in both cases.
The water contact angle decreased from 82.7° in the
untreated TPU to 37.8° and 23.9° after treatment
with O, and Ar, respectively. As stated by several
authors,'**'™** different gases used in the plasma
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Figure 4 Variations of the contact angle of the untreated
TPU and of the plasma-treated TPU with the different
working gases, under a chamber pressure of 60 Pa and
100 W power, for 3 min.

treatment can modify the surface of polymeric mate-
rials by forming different active groups, according to
the working gas used. Thus, oxygen plasma might
induce the formation of C=0O and OH groups on
the surface. On the other hand, when inert gases like
argon are used, plasma treatment cannot, by itself
introduce functional groups on the polymer surface.
It has been predicted that noble gases such as
Ar can be used to generate free radicals at the poly-
mer surface, by breaking C—C or C—H bonds in
the polymer substrate. Subsequent exposure of Ar-
treated samples to air may also result in formation
of new functional groups, as the reactive radical
species combine with oxygen and other components
present in the atmosphere. For the studied TPU, as
shown in Figure 4, better hydrophilicity was obtained
when Ar was used as working gas. This could be due
to the fact that in the plasma process, radicals will be
first created by hydrogen abstraction from polymer
chains, then, polymer radicals will combine with
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Figure 5 Water contact angle of the Ar plasma-activated
surface and O, plasma-activated surface along time (plasma
treatment conditions: 60 Pa and 100 W, for 3 min).
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radicals created from the gas used to form functional
groups. When oxygen is used, oxygen radicals are
created and oxygen functionalities, such as hydroxyl,
carbonyl, or carboxyl groups, are obtained in the
plasma treatment process. When argon is used as the
working gas, no gas radicals are formed once argon is
a noble gas, thus it can only create polymer radicals.
However, few oxygen functionalities might be found
in Ar-treated surfaces due to water molecules
absorbed at the surface of the reaction chamber wall.
Water will be evaporated and fragmented onto
hydroxyl, oxygen, and hydrogen radicals by plasma
irradiation, and these radicals will react with the film
to create oxygen functionalities. Still, this assumption
does not exclude the postreactions of radicals with air
after finishing the plasma treatment.

It is known that plasma-treated surfaces are not
stable along the time.”> A process named “hydro-
phobic recovery” occurs, meaning that the original
hydrophobic polymer surface is partially recovered.
Thus, to evaluate this phenomenon, water contact
angle was measured for several days. Figure 5
shows the obtained results for the Ar plasma-
activated surface and the O, plasma-activated
surface. The starting point, at 0 h, represents the
value of the water contact angle directly after
plasma treatment (0 h = 37.8° and 23.9° for O, and
Ar). It can be observed that in both cases, the
plasma-treated surface partially recovered its hydro-
phobicity along time. However, when O, was used
as working gas, the recovery of hydrophobicity is
more significant then when Ar was used. Water
contact angle increased mainly in the first 8 h. This
can be explained by air contamination or even by
surface rearrangements.”> > These phenomena can
decrease the active sites induced to the surface by
the plasma, and therefore, the water contact angle
increases.

Chemical analysis of the TPU surface after plasma
treatment

Widescan and high-resolution XPS spectra were
recorded for the TPU materials to determine the
existing functionality present in the surface and to
show any subsequent changes in surface introduced
by each gas treatment.

TABLE I
Surface Elemental Composition Determined from XPS

Atomic

percentage (%) Atomic ratio

Cls Nl1s Ols 0Ols/Cls Nil1s/Ols
Untreated TPU 7556 293 2141 0.28 0.14
Ar activated 67.26 3.09 29.48 0.44 0.10
O, activated 65.10 274 31.92 0.49 0.09

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 XPS spectra of (a) Cls, (b) N1s, and (c) Ols for the untreated TPU (1), the Ar activated (2), and the O, activated
(3) surfaces (plasma treatment conditions: 60 Pa and 100 W, for 3 min).

Table I summarizes the atomic percentage of the
elements present on these surfaces, measured by
XPS. The elemental composition of the surfaces was
calculated from the XPS spectra.

Figure 6 shows the different spectra obtained for the
unmodified and the activated TPU. Their relative com-
position ratio based on the area is shown in Table IL.

The Cls peak can be resolved in three components:
the hydrocarbon peak (C=C and C=H) at 284.49 eV,
the ether peak (C—0O—C) at 285.90 eV, and the ure-

Journal of Applied Polymer Science DOI 10.1002/app

thane peak (NH—COO) at 288.19 eV. The latter two
oxidative functionalities are an integral part of the
repeat unit for soft and hard segments, respectively.”!

In general terms, the effects of Ar and O, plasma
activation on the surface of this TPU can be due to
the decrease of the Cls and N1s with respect to the
Ols signal, resulting from the incorporation of oxy-
gen-containing groups.

After Ar plasma activation of the TPU surface,
some changes on the symmetry of the Cls signal,
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TABLE II
Binding Energy and Relative Composition Ratio Based on the Area (Data in Parenthesis) of each Peak for the
Untreated TPU Surface, Ar Plasma-Activated Surface, and O, Plasma-Activated Surface

Untreated TPU

Ar activated O, activated

Cls HNCOO 2442.85 (3.4%)
C—0—C/C—OH 11822.75 (16.3%)
C—H/C—C 58415.52 (80.4%)
Nis —NCOO 11552.81 (100.0%)
Ols C—0/N—COO 67868.87 (100.0%)
C=0/C—OH -

3869.17 (4.1%) 3793.45 (4.8%)
42500.44 (45.5%) 33685.82 (42.8%)
47114.21 (50.4%) 41186.90 (52.4%)
14801.21 (100.0%) 12572.56 (100.0%)
88057.82 (71.5%) 74122.18 (63.5%)
35169.40 (28.5%) 42602.62 (36.5%)

shown in Figure 6(a2) can also be seen. These
changes are very similar to those observed for the
oxygen plasma, shown in Figure 6(a3). They include
an increase of the component at 286.5 eV due to pos-
sible C—OH bonds.”® However, this binding energy
is indistinguishable from the ether functionality and
cannot be separated, so, the increase of this peak
suggests the surface enrichment with polyether soft
segments, also confirmed by the results in Table II.

Changes in the Ols signal [Fig. 6(c2)] also fit this
explanation, explaining the presence of the OH
groups on the surface of the TPU after treatment.
For the oxygen plasma treatment, a more significant
increase in the intensity of the Ols signal relative to
the untreated surface can be seen in Table I due to
the immediate grafting of OH groups to the surface
of the material in the plasma chamber. However,
from Table II, a higher increase of the C—O peak is
obtained for the argon plasma treatment. This might
be due to the ability of the argon plasma to generate
radicals, and also the reason for the achievement of
lower water contact angles with this gas.

The intense peak shown in Figure 6(b) is attrib-
uted to the nitrogen (—NH—) present in urethane
links (RNHCOOR'). This peak slightly increases
after the treatment with both gases, which represent
changes in the concentration of hard segment at the
surface region compared with the untreated mate-
rial, because the nitrogen-containing functionality is
only present in the hard urethane blocks of the
studied TPU.” Concomitantly, the N/O ratio
decreases.

Ar Plasma

Untreated

Atomic force microscopy

Surface topography was evaluated by AFM analy-
sis. Figure 7 shows the three-dimensional AFM
images of untreated TPU, and plasma-activated
TPU with argon and oxygen. The plasma treatment
changes the topography of the material leading to
slightly smoother surfaces. To quantify this event,
the roughness of each surface was evaluated. The
average roughness (R,) was calculated directly
from the AFM images. It was determined in a 700
x 700 nm surface region. The results shown in
Table III confirm the conclusion observed on the
micrographs in Figure 7. These results also suggest
that, for this material, the topography is not signif-
icantly compromised by either plasma treatment.
Thus, the material surface was only activated,
because an increase in surface roughness caused
by plasma treatment demonstrates the existence of
the surface etching process,” and that was not
observed for the conditions selected for the plasma
treatment for both gases.

CONCLUSIONS

The surface of Elastollan®1180A50 was modified by
plasma treatment. For all the treated surfaces, the sur-
face polar character was increased, and consequently,
the wettability also increases. To activate the surface
of this material, argon plasma activation seemed to
be more efficient than oxygen plasma activation,
because argon plasma activation led to a lower water

02 Plasma

80.0 nm,

Figure 7 Atomic force micrographs of the untreated TPU surface, Ar plasma-activated surface, and O, plasma-activated
surface. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE III
Surface Roughness, R, (nm), of the Untreated TPU
Surface, Ar Plasma-Activated Surface, and O,
Plasma-Activated Surface

R, (nm)
Untreated TPU 2.57 £ 0.31
Ar activated 1.70 = 0.19
O, activated 1.82 = 0.13

contact angle. Optimal plasma operational conditions
were investigated. It was found that the best condi-
tions were: 100 W argon plasma, under a vacuum of
60 Pa, and for 3 min.

Plasma-treated surface tends to partially (or
totally) recover its hydrophobicity along time. How-
ever, when O, was used as the working gas, the
recovery of hydrophobicity was more significant
then when Ar was used. Surface hydrophobicity
recovery can be explained by air contamination or
even by surface rearrangements.”> > These phenom-
ena can decrease the active sites induced to the sur-
face by the plasma, and therefore, the water contact
angle increases. To overcome hydrophobicity recov-
ery, the surface should be immediately grafted with
a vinyl monomer or a polyfunctional polymer. This
would allow the surface to maintain the hydrophilic-
ity and at the same time improve the free functional
groups available at its surface.”®*’

XPS spectra showed that the plasma treatment
was successful in the formation of surface species
that could not be seen in the untreated material, for
example the increase of the Ols peak due to the
appearance of the C—OH functionalities for both Ar
and O, treatments. AFM analysis also demonstrated
the activation of the surface for the selected plasma
treatment conditions, for both gases studied, and
that no etching process occurred because surface
roughness did not increased significantly.*

The present study was supported by the European Commis-
sion through the specific targeted research project CellForce
of the 6th FP (Contract No. NMP4-CT-2005-016626).
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