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Abstract
The surface properties of patterned surfaces made by a combination of photolithography and
oxygen plasma treatment of polystyrene (PS) were investigated. PS and plasma-treated PS (PSox)
were first characterized using X-ray photoelectron spectroscopy and the study of wetting dynamics
(Wilhelmy plate method) in water and in solutions of different pH. The results indicated that the
PSox surface may be viewed as covered with a polyelectrolyte-like gel, which swells depending
on pH. It was then shown, using atomic force microscopy (AFM), that the adhesion force
measured on PS with a silicon tip in water was higher compared with that measured on PSox. This
feature allowed imaging of the oxidation patterns using the adhesion mapping mode. The origin of
the pulloff force contrast, which could not be explained by combining Johnson–Kendall–Roberts
theory and thermodynamic considerations, was attributed to repulsion between the tip and
hydrated polymer chains present on the oxidized surface. Imaging was also performed in the
lateral force mode, a higher friction being recorded On PS than On PSOX.

Keywords
atomic force microscopy; plasma treatment; polystyrene; Wilhelmy plate method; Johnson–
Kendall–Roberts model; surface forces

INTRODUCTION
Polymer materials are often surface-treated to change the chemical composition, increase the
surface energy, or modify the surface topography while keeping the bulk properties
unchanged (1–3). Typical examples are the oxidation of polyolefins to improve paint
adhesion (2) and the elaboration of biomaterials (4). The physical or chemical modifications
may affect a surface layer over a depth varying from a few nanometers to tens of
micrometers. Four regions may be considered: the surface as such, which determines the
wetting properties and may be analyzed by time-of-flight secondary ion mass spectrometry
(ToF-SIMS); the near surface, which is probed by X-ray photoelcctron spectroscopy (~5 nm
deep); the deeper region of modified polymer; and, finally, the native polymer (5).
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The oxidation of the polystyrene surface using oxygen plasma has been extensively studied
(6–12). Various oxygen-containing functions are introduced by the treatment, with a
concomittant increase in hydrophilicity. The oxygen uptake of polystyrene on plasma
treatment is higher compared with that of other polymers, due to its aromatic character (10,
11). In situ analysis revealed that part of the surface modification occurs after exposure of
the samples to the ambient atmosphere (11). Etching of the polymer surface takes place
together with functionalization (11); low-molecular-weight fragments are produced and may
be removed by solvents (6–8). It appears that the molecular mobility of the polystyrene
chains is enhanced by the plasma treatment (7). The surface of plasma-oxidized polystyrene
undergoes reorganizations on aging, as a result of both diffusion and molecular motions
(12). The driving force for these reorganizations is the surface free energy (6).

Compared with the techniques commonly used to characterize plasma-treated polymer
surfaces, atomic force microscopy (AFM) (13) offers two important advantages: (i) the
samples do not need to be put in vacuo and may even be characterized in a liquid
environment, which is of great interest for biomaterials; (ii) the lateral resolution is in the
range of a few nanometers. The high lateral resolution of AFM allows imaging of
heterogeneous surfaces which may have applications in different fields (biomaterials,
biosensors, etc.). It also provides an opportunity to analyze simultaneously nontreated and
treated areas of a surface, which facilitates direct evaluation of the treatment-induced
properties. While AFM is routinely used to image topographic features on surfaces, a
challenge is to develop it into a physicochemical characterization tool (14). Deflection
versus tip–sample separation curves may provide information on surface forces (14–16) and
mechanical properties of surfaces (17); arrays of such curves allow mapping of the surface
properties of heterogeneous samples (18–23). Lateral force microscopy (LFM) may also
reveal heterogeneity of surface properties, a higher tip-sample adhesion leading to a higher
friction force (24–28). Force–distance curves and LFM have already been used to
investigate model patterned surfaces (self-assembled monolayers) (24, 25, 29–32). However,
there have been few attempts to apply such an approach to the study of “real” polymer
surfaces, i.e., materials of industrial origin, relevant to practical applications.

The aim of this work is to investigate the physicochemical properties of micrometer-sized
oxidized tracks produced at the surface of polystyrene by means of a photolithographic
method and plasma discharge. These surfaces have been successfully used to achieve a
selective adsorption of extracellular matrix proteins on the tracks and, thereby, to confine the
adhesion of mammalian cells (33–35). Polystyrene and oxygen plasma-treated polystyrene
are characterized using X-ray photoelectron spectroscopy (XPS) and study of the wetting
dynamics using the Wilhelmy plate method; patterned surfaces are imaged using AFM in
different modes.

MATERIALS AND METHODS
1. Sample Preparation

The polystyrene (PSnative = PSn) originated from Petri dishes (UV-sterilized, Merck–
Belgolabo, Belgium). It was cleaned by ultrasonication in isopropanol (analytical grade,
VEL, Belgium) and dried under a nitrogen flow. Micrometer-sized tracks (7 μm wide) of
plasma-oxidized polystyrene (PSox) were made as described elsewhere (34). Briefly, a
photosensitive resin was spin-coated on PSn substrates; the resin was submitted to UV light
irradiation through a mask; development led to dissolution of the exposed resin; the sample
was then submitted to a cold plasma discharge in oxygen atmosphere; and, finally, the
remaining resin was dissolved, leaving a polystyrene (PS) matrix exposed at the surface in
alternation with PSox tracks. The plasma discharge was performed in a barrel reactor
(Plasmafab 505 from ETA Electrotech) at a frequency of 60 kHz. Prior to oxygen
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admission, the reactor chamber was evacuated down to a pressure of 9 × 10−5 bar. The
treatment lasted 2 min at a power of 50 W, under an oxygen (>99.9999% pure from Air
Liquide) flow leading to a working pressure of 7 × 10−4 bar.

Nonpatterned surfaces of PS and of PSox were also prepared following the method
described above but without exposure to UV light and with exposure in the absence of a
mask, respectively. Moreover, samples of oxidized PSn (PSnox) were prepared by direct
treatment with oxygen plasma discharge.

2. Surface Characterization
X-ray photoelectron spectra were recorded using a SSX-100 spectrometer (Model 206 from
Surface Science Instruments) equipped with a monochromatized aluminum anode (10 kV,
12 mA). The order of peak analysis was survey scan, C 1 s, O 1 s, N 1 s, and C 1 s again. No
modification of the C 1 s peak shape under X-ray irradiation was noted, indicating that the
samples did not undergo degradation during analysis (36). A Shirley-type nonlinear
background subtraction was used (37). Intensity ratios were converted into atomic
concentration ratios by using the sensitivity factors proposed by the manufacturer (Scoffield
photoemission cross sections, variation of the electron mean free path according to the 0.7
power of the kinetic energy, constant transmission function).

Wetting of the samples with water (purified by MilliQ Plus system from Millipore; pH 5.6)
and with KOH (analytical grade, Janssen, Belgium, pH 11.0) and HNO3 (analytical grade,
Merck–Belgolabo; pH 3.0) 10−3 M solutions was investigated under dynamic conditions
using the Wilhelmy plate method, with DCA 322 equipment from Cahn Instruments. The
measurements were performed at room temperature. The water container was closed with a
lid pierced with a small hole to ensure a relative humidity of 95% 1 cm above the water
surface. Successive cycles of immersion and emersion (advancing-receding) were performed
and the contact angle (θadv, θrec) was recorded. Therefore, the effect of buoyancy was
corrected and the position was referred to the three-phase contact line as described before
(38). The surface tension of the KOH and HNO3 solutions was not significantly different
from that of pure water. In certain cases, pauses were made between successive cycles.

3. AFM Examination
Force–distance curves were recorded on PS and PSox in water (doubly distilled or MilliQ)
with two different AFM instruments (Explorer from Topometrix, Autoprobe CP from Park
Scientific Instruments), using silicon tips integrated into triangular levers (Park Scientific
Instruments, nominal spring constant = 0.16 or 0.24 N/m, expected radius of curvature of the
tip = 10 nm). The levers were washed with hydrogen peroxide (UCB, Belgium) and rinsed
with water just before use. The diode voltage versus sample displacement data were
converted to force versus tip-sample separation (15).

Mapping of patterned polystyrene was performed using different imaging modes, with an
Explorer AFM (Topometrix) using a silicon tip integrated into a triangular lever (Park
Scientific Instruments, nominal spring constant = 0.16 N/m, washed as described here
above). The scanner had an x–y range of 150 μm and a z range of 12 μm. All the
observations were made in doubly distilled water. Height and lateral force images were
acquired simultaneously at a scan rate of 2 lines/s. The images obtained by forward and
backward scanning were both recorded. Adhesion mapping was performed by recording
force–distance curves on a finite number of locations on the sample surface (50 × 50 points).
The adhesion force was then extracted from each curve and a map of the surface was
reconstructed on basis of the adhesion force.
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RESULTS
Surface analysis by XPS revealed an increase in the O/C atomic concentration ratio as a
result of plasma treatment, from 0.01 to 0.10 for PS and from less than 0.005 to 0.20 for
PSn. The nitrogen signal was below the detection limit, except for PSnox. From the shape of
the C 1 s and O 1 s peaks recorded on PSox and PSnox (results not shown), it can be
inferred that oxygen incorporated by the plasma treatment is involved in various chemical
functions including alcohol, carbonyl, and carboxyl groups. The N 1 s peak of PSnox
appeared at 401.5 eV and may be attributed to ammonium produced by chemi-sorption of
atmospheric ammonia on acidic surface sites (39).

The variation of cos θ during successive immersion–emersion cycles, measured by the
Wilhelmy plate method in water, is shown in Fig. 1 for PS and PSox. θadv and θrec recorded
during the first cycle are respectively 93° and 51° for PS and 41° and 0° for PSox. PSox is
thus more hydrophilic than PS. PS shows a constant hysteresis loop on repeated wetting
cycles. For PSox, cos θadv remains close to 1 when a cycle is performed immediately after
the previous one or after a pause of 5 min. When the emersed sample is submitted to a
longer pause before starting a new cycle, cos θadv shifts to the value observed during the
first cycle and may even become smaller.

Figure 2 presents the variation of cos θ measured on PSnox during successive immersion–
emersion cycles in solutions of varying pH. The behavior at pH 3.0 and 5.6 shows the same
trend as for PSox with water. However, at pH 3.0, cos θadv measured after a pause shifts
more readily to lower values compared with pH 5.6. At pH 11.0, cos θadv remains close to
the value of cos θrec even after a pause of 30 min.

Representative force–distance curves acquired by AFM on PS and PSox in water are shown
in Fig. 3. The adhesion force (Fadh) was taken as the pulloff force recorded on tip-sample
separation (18), as indicated in Fig. 3. Fadh was measured in five independent experiments;
two of them were performed with the Topometrix and the other three with the Park
Scientific Instruments microscope. Whatever the experiment, Fadh was higher for PS than
for PSox. The couple of values depended on the experiment, presumably due to the
variability of the tip curvature radius (40). Couples of minimum Fadh measured were 7 and 0
nN for PS and PSox, respectively; couples of maximum values were 50 and 4 nN for PS and
PSox, respectively. Moreover, while a jump-in-contact was observed on tip-sample
approach on PS, it was absent on PSox.

Figure 4 presents AFM data recorded in water on the same zone of a patterned sample.
Figure 4a shows a height image; the backward scanning of the same area gave an identical
image except for a slight lateral shift (image not shown). The PSox tracks can be identified
on the image as slightly darker, thus lower, regions, but the height difference between the
PSox tracks and the PS matrix is small compared with the sample roughness. Advantage was
taken of the Fadh difference between PS and PSox to image the same surface using adhesion
mapping in water (Fig. 4b). There is a marked contrast between the tracks and the matrix,
Fadh being lower on PSox than on PS. A histogram of the recorded Fadh is presented in Fig.
4c. It shows a bimodal distribution, with a mode centered on Fadh = 18 nN, representing
high adhesion measured on PS, and the other, less precisely defined, representing low
adhesion measured on PSox. The comparison between Figs. 4a and 4b shows that the
topographic features of the surface have no significant influence on the magnitude of the
recorded Fadh. The adhesion map thus gives an image of the surface that is independent of
its topography and reflects the difference in physicochemical properties between the PS and
the PSox phases.
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Figure 5 presents AFM images of patterned polystyrene, recorded in the lateral force mode
in the forward (Fig. 5a) and backward (Fig. 5b) directions. These images were obtained in
water, simultaneously with the height image presented in Fig. 4a. The contrast indicates that
higher lateral forces are sensed on the PS matrix compared with the PSox tracks.
Comparison with the height image (Fig. 4a) indicates that the signal recorded in the lateral
force mode is not significantly influenced by the sample surface topography. Moreover, the
contrast reversal that occurs when the scanning direction is reversed demonstrates that the
contrast between the tracks and the matrix is due to true friction and not to a topography-
related artifact. Like the adhesion mapping mode, the lateral force mode thus produces
images that are independent of the topography and are related to physicochemical properties
of the sample surface.

DISCUSSION
PS and PSox show very different behavior on wetting (Fig. 1). The shape of the hysteresis
loops recorded on PSox is strongly affected by a previous contact of the sample with water
and is dependent on the duration of the pauses between the cycles. This particular shape may
be explained by water retention occurring on the surface after the first immersion–emersion
cycle: cos θadv remains close to 1 as long as the surface is covered by a film of water; it
decreases if the sample is allowed to dry between cycles. Water retention might tentatively
be attributed to increased roughness or to pore formation following plasma treatment;
however, this is not observed on the AFM height images.

To understand the origin of the water retention observed on PSox, wetting was studied on
PSnox samples as a function of pH. The shape of the hysteresis loop is clearly pH dependent
(Fig. 2), the water retention effect being more pronounced at higher pH values. Besides,
XPS results show that carboxylic functions are introduced by the plasma treatment, and it
has been shown, using streaming potential measurements, that the surface of oxygen
plasma-treated polystyrene is more negatively charged compared with that of polystyrene
(41).

From this information, it can be inferred that the PSox surface is covered by a
polyelectrolyte. At high pH, the carboxylic functions are deprotonated, which provokes a
repulsion between adjacent polymer chains; water penetrates between the chains and swells
the surface which behaves like a hydrogel. As the pH decreases, the repulsion between
macro-molecules decreases, resulting in less pronounced water retention by the surface.
After a pause of 30 min, the surface remains hydrated at pH 11.0 while it is completely dried
at pH 3.0; the behavior is intermediate at pH 5.6.

It was also observed that cos θadv of oxidized polystyrene reaches lower values during
cycles performed after long pauses, as compared with the first cycle (PSox in Fig. 1, PSnox
at pH 3.0 in Fig. 2). This could be due to dissolution of functionalized polymer chains
during the analysis. Low-molecular-weight fragments produced during oxygen plasma
treatment (8, 42) may indeed be extracted by solvents. Another explanation could be that
hydrophobic recovery (12) of the plasma-treated surface occurs during long pauses
subsequent to wetting, due to reorientation or diffusion of functionalized polymer chains
into the sample.

The Fadh difference measured between PS and PSox may be tentatively explained using
surface energy considerations. This approach has been widely reported in the literature (14,
23, 25, 29) using the Johnson–Kendall–Roberts (JKR) (43) model which predicts that
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[1]

where R is the radius of curvature of the AFM tip and Wadh is the work of adhesion. It was
found here that Wadh is lower for PSox than for PS. At first sight, it fits the common sense
that the work of adhesion under water is lower when the surface is more hydrophilic.
However, the common sense tends to create confusion between the work of adhesion and the
interfacial energy. In fact, the different interfacial energies involved in Wadh should be taken
into consideration:

[2]

This is equal to

[3]

where Wtip,sample, Wsample,water, and Wtip,water correspond to works of adhesion in vacuo.
Wsample,water and Wtip,water may be deduced from water contact angles θ:

[4]

[5]

Wtip,sample may then be determined combining Eqs. [1] and [3]. Wtip,PS and Wtip,PSox were
evaluated using γwater = 72 mN/m, Fadh and θadv given above for the samples, and θtip = 40°
as measured on a silicon wafer cleaned in the same way as the tip. This led to values of
about 220 mN/m for Wtip,PS and about 120 mN/m for Wtip,PSox, considering the announced
tip curvature radius of 10 nm for the couples of minimum Fadh values and a radius of 50 nm
for the couples of maximum values.

On the other hand, one may also write

[6]

As PSox and the silicon tip are hydrophilic and PS is hydrophobic, γsample,vacuum is expected
to be higher for PSox than for PS, while γtip,sample is expected to be higher for PS than for
PSox. This would lead to a higher value of Wtip,PSox compared with Wtip,PS, which is in
contradiction with the above predictions based on application of the JKR model to our
experimental data.

This brings us to discuss the limitations of coupling the JKR model with a thermodynamic
approach to adhesion phenomena:

i. JKR theory assumes perfectly smooth surfaces (43, 44). This is not a severe
limitation on soft materials where the deformation is so important that the influence
of surface roughness is negligible (43). Model systems commonly used in AFM
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studies, i.e., self-assembled monolayers, are also very smooth (25, 29). On the other
hand, the system investigated here does not respond to this assumption as
demonstrated by the AFM images and by the behavior of PSox on wetting.

ii. Equations [4] and [5] are valid for rigid surfaces (44, 45). It is thus paradoxical to
combine JKR theory, which accounts for the elastic deformation of surfaces, with
these equations. In our particular case, Eq. [4] is questionable as it was shown that
the PSox surface behaves like a gel in water.

iii. Equations [4] and [5] were derived considering that γsample is the same in vacuo or
in laboratory atmosphere, i.e., neglecting the spreading pressure π (45).

iv. A thermodynamic approach supposes that reversible phenomena are taken into
consideration. For many systems, contact angles are different on advancing or
receding of the liquid on the surface; i.e., wetting is not reversible. In our particular
case, PS and PSox indeed show hysteretic behavior on wetting and, moreover, the
contact angle of PSox depends on previous contacts of the surface with water.

Moreover, real adhesion energies and adhesion energies computed from balances of surface
free energies and contact angles may differ due to the contributions of surface–surface
electrostatic interactions and steric repulsions. The Fadh difference observed in water
between PS and PSox may then be explained considering the particular structure of PSox,
i.e., the presence of a thin polyelectrolyte-like gel layer at the surface. This may be
responsible for an electrostatic repulsion between the PSox surface and the tip. Even if the
latter is not negatively charged, the highly hydrated macromolecular structure of PSox may
lead to a repulsive contribution toward the AFM tip, due to steric repulsion. Steric repulsion
occurs when polymer chains dangling in solution are compressed between two surfaces and
results from a decrease in entropy associated with the confinement (44).

The lateral forces measured on PS were also higher than those measured on PSox; this
allowed imaging of the tracks in the lateral force mode (Fig. 5). A friction contrast is often
attributed to an elasticity difference between the phases, the AFM tip penetrating deeper into
a softer surface, which results in more friction. This was identified as the basis of the friction
contrast on lateral force images of phase-separated Langmuir–Blodgett films (30, 31). Due
to its hydrogel-like character, the PSox surface is expected to be softer than the PS surface;
accordingly, a higher friction would be expected on PSox than on PS. Actually, the contrary
was observed. A first explanation is the decreased adhesion force existing between the
hydrated PSox chains and the AFM tip, as a result of steric repulsion. It was indeed shown
that friction was correlated either with Fadh (24) or with the adhesion hysteresis recorded
between approaching and retracting force–distance curves (25–27). Moreover, a lower
friction was measured on PS covered with PDMS than on PS and this difference was
attributed to the high mobility of the PDMS chains (46). A second explanation, which is
consistent with the former, is thus that the hydrated PSox chains are more mobile than the
PS chains, which has been shown recently (7).

CONCLUSION
The results presented above show that, despite their roughness and their nonordered
structure, patterned surfaces created by selective plasma treatment of polystyrene may be
imaged in terms of their surface properties, using AFM in water, in the adhesion mapping
mode and the lateral force mode. A higher adhesion, measured in a direction normal to the
sample surface, is correlated with a higher friction, measured in a direction parallel to the
sample surface.
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The observed contrasts may be related to the changes in physicochemical properties induced
by oxygen plasma treatment of polystyrene. The study of the wetting dynamics shows that
the PSox surface may be considered as a polyelectrolyte-like gel, which swells according to
pH. This highly hydrated macromolecular structure at the PSox surface induces repulsive
interactions toward the AFM tip, leading to decreased adhesion and friction on PSox
domains.
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FIG. 1.
Variation of cos θ of water as a function of the three-phase contact line position X during
successive immersion–emersion cycles for PS (a) and PSox (b), recorded without pause
(cycle 2) or with a pause (5 min, 30 min, 2 h, and 10 h, before cycles 3, 4, 5, and 6,
respectively).
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FIG. 2.
Variation of cos θ as a function of the three-phase contact line position X during successive
immersion–emersion cycles on PSnox at pH 3.0 (a), 5.6 (b), and 11.0 (c), recorded without
pause (cycles 2 and 3) or with a pause (5, 10, and 30 min before cycles 4, 5, and 6,
respectively).
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FIG. 3.
Force measured between a silicon tip and PS (a) or PSox (b) in water, as a function of the
tip-sample distance. Curves obtained on approach (←) and separation (↗) are presented.
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FIG. 4.
AFM data recorded in water on the same zone of patterned polystyrene: (a) height image
(forward scanning direction, vertical gray scale = 30 nm); (b) adhesion map (vertical gray
scale = 25 nN); (c) histogram of the Fadh recorded in (b).

Dupont-Gillain et al. Page 13

J Colloid Interface Sci. Author manuscript; available in PMC 2012 January 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 5.
AFM images recorded in water in the lateral force mode on patterned polystyrene,
simultaneously with the height mapping shown in Fig. 4a: (a) forward scanning direction,
(b) backward scanning direction.
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