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Abstract. Surface treatments that are required to achieve polystyrene surface
suitable for cell culture applications were performed using an atmospheric pressure
dielectric barrier discharge generated in helium. Short time plasma treatments affected
the polystyrene surface hydrophobicity and surface free energy due to insertion of
oxygen-containing polar groups such as -OH, -COOH as proofed by X-ray photoelectron
spectroscopy. These changes in surface properties were studied in relation to cellular
behavior of human keratinocytes (HaCaT) in vitro and in serum-free medium conditions.
Plasma treated polystyrene surfaces promoted cell growth in culture, after several hours.
Key words: biomaterials, atmospheric pressure discharge, dielectric barrier discharge,
helium, polystyrene, keratinocytes, cell culture, Alamar blue.

1. INTRODUCTION

Dielectric barrier discharges (DBDs) are used widely for surface treatment of
materials applied in fields ranging from biomaterials to automobile components [1, 2].
DBDs are plasma generated in configurations of one or more insulating layers with
a discharge gap in the current path between the metal electrodes [3]. For industrial
applications, such discharges have attracted interest due to the high flexibility with
respect to their geometry and electrode configuration, size requirements ranging
from a few millimeters to meters, working gas and type of materials to be treated,
low cost and simple operation without vacuum equipment [4]. In particular, helium
DBDs [5] are typically used for plasma ignition producing in most cases a uniform
filament-free glow discharge with low degradation effect, high properties of crosslinking
and functionalization onto the surface [6, 7]. Various papers exist in literature regarding
helium DBD processes for surface treatment of polymers including polypropylene
[8, 9], high density polyethylene [10], polyethylene terephthalate [11], polymethylmethacrylate [12], etc. As with other polymers, polystyrene surface can be prepared
by appropriate plasma treatment [13]. Polystyrene is one of the most extensively used
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polymer material in cell culture applications [14]. Most of the medical vessels are
made by polystyrene due to its excellent optical clarity, non-toxicity and durability.
The freshly molded polystyrene, as pressed by manufacturer, have its limitations,
especially for growing cells in serum-free medium and for maintaining differentiated
cell functions in primary cultures and cell lines [15].
In this paper, polystyrene surfaces were prepared by atmospheric pressure
dielectric barrier discharge generated in helium to support cell growth in a serumfree environment. In serum containing medium, the cellular attachment to surface
is modulated by the interactions between cell surface receptors (i.e., integrins) or
cell membrane glycoproteins to serum protein [16, 17]. The surface investigations
were performed by complementary analytical techniques like contact angle goniometry
(CA) and X-ray photoelectron spectroscopy (XPS). Cell culture experiments were
carried out in vitro using a human keratinocyte cell line (HaCaT). It was found that
plasma treatment increased cell metabolic activity and promoted cell growth. This
effect is attributed to the presence of oxygen-containing functional groups on the
treated polystyrene surfaces.
2. EXPERIMENTAL
2.1. PROCEDURE FOR PLASMA TREATMENT

The atmospheric pressure DBD set-up is shown in Fig. 1. It is a conventional
planar DBD with the upper electrode made of two parallel metallic stripes covered
by a glass plate of 1.2 mm thickness that serves as dielectric barrier.

Fig. 1 – Schematic view of the DBD configuration.

The gas gap can be varied between 1 and 5 mm, and during the experiments
it was of 2 mm. The lower electrode is made of plain Al and used as substrate
holder. The plasma is generated with a power supply using high AC peak-peak
voltages via a matching network at a fixed frequency of 100 kHz. Typical electrical
parameters according to oscilloscopic measurements involved sustaining voltages
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of 3–5 kV (peak) corresponding to the same discharge power dissipated on the
substrates (P = 65 W). Helium gas was fed into discharge by a slit of 2 mm between
the metallic stripes.
Helium DBD is able to produce a non-equilibrium plasma with a gas temperature
of 30°C being suitable for treatment of temperature-sensitive materials like polymers.
Previously, this DBD was used to deposit thin silicon organic protective films
on Al sheet metal using helium and small admixtures of hexamethyldisiloxane
(HMDSO) [18].
2.2. SURFACE ANALYSIS

Static contact angle (CA) measurements were performed under ambient air at
room temperature by the sessile drop method using a Digidrop contact angle analyzer
(GBX Instrumentation Scientifique, FR). Drops of selected liquids with known
surface tension (distilled water, ethylene glycol and diiodomethane) and defined
volume (0.5 µL) were deposited on polymer surface with microsyringes designated
for each liquid. The contact angle was determined utilizing the SCA20 imaging
software and the surface free energy was estimated using the Owens, Wendt and
Rabel model.
X-ray photoelectron spectroscopy (XPS) measurements were performed
using an Axis Ultra DLD electron spectrometer (Kratos Analytical, GB) equipped
with a monochromatic Al Kα irradiation at 1,486.6 eV (150 W), implemented
charge neutralization and pass energy of 80 eV for the estimation of the chemical
elemental composition or pass energy of 10 eV for highly resolved C 1s spectra.
A peak fitting procedure was carry out with CasaXPS software version 2.3.15
(Casa Software Ltd., UK) using the Gauss-Lorentzian distribution and a linear
baseline. The full width at half maximum of the C 1s components was 1.2 eV for
high energy resolution measurements. All values are given in atomic percentage
and corresponding element ratio.
2.3. CELL CULTURE

Human keratinocyte cells (HaCaT) were cultured in plastic flasks containing
RPMI 1640 w/phenol red, supplemented with 10% FBS plus 1% L-glutamine and
1% penicillin/streptomycin. Cells were subcultured using PBS/EDTA and
maintained at 37°C, 95% in a humidified air with 5% CO2 atmosphere. For assays
were used 24-well ultra-low attachment plate and serum-free cell culture medium
RPMI 1640 without phenol red supplemented with 1% L-glutamine and 1%
penicillin/streptomycin.
HaCaT cells were seeded on corresponding surfaces at a concentration of
1.5 × 105 cells/ml, 1 ml per well and allowed to adhere. Cells were washed 3 times
in HBSS, fixed in 4% PFA, stained with 0.05% trypan blue solution in PBS and
examined with an Olympus CK40 microscope.
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The percent confluency of the cells on the surfaces was measured by eye
under an optical microscope. To account for the subjective nature of this approach,
the error in estimating the percent confluency was set at ±5% for all surfaces.
Cell viability was investigated using the non-toxic Alamar blue assay. Alamar
blue is a tetrazolium-based dye, incorporating resazurin and resorufin as oxidation–
reduction indicators that produce colorimetric changes and a fluorescent signal in
response to metabolic activity where the blue non-fluorescent oxidized form turns
to pink and fluorescent upon reduction [19, 20]. After seeding, the cell culture
medium was replaced by 1 ml of RPMI 1640 without phenol red supplemented with
1% L-glutamine and 1% penicillin/streptomycin and 2% Alamar blue. The plates
were incubated for 4 h at 37°C. After incubation, 1250 µl solution of color product
was transferred into 24-well plate to measure the fluorescence intensity using a
multi-plate reader (Tecan M200, Switzerland) at 530 nm excitation and 590 nm
emission wavelength. The amount of fluorescence was directly proportional to the
metabolic activity of living cells.
3. RESULTS AND DISCUSSION
3.1. CONTACT ANGLE MEASUREMENTS

The comparison of the water contact angle measurements as function of
treatment time for different positions of the localized plasma treatment is presented
in Fig. 2. The surface hydrophilicity profile after plasma treatment was investigated
by measuring water contact angles along a line crossing the polystyrene surface
with a step size of 2.5 mm. Position “0” represents the center of DBD set-up, which
measures 5 cm in length. The initial contact angle of 89o was reduced to a contact
angle of 36o after 1 s plasma treatment. The maximum contact angle reduction was
obtained after 120 s of treatment and shortly after the contact angle reached a
constant value. By increasing the treatment time (> 30 s) a broadening of the total
modified area was observed (Fig. 2).
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Fig. 2 – Surface profile of water contact angle of polystyrene as function of plasma treatment time.
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Figure 3 shows the total surface free energy (γ) and its polar (γp) and dispersive
(γd) components calculated from static contact angles with distilled water, ethylene
glycol and diiodomethane as function of plasma treatment time. Untreated polystyrene
has a low surface energy and a very low polarity. A drastic increase of surface
energy from 29 mN/m to 55 mN/m occurred after the first second of polystyrene
exposure to plasma. Further changes in the surface energy with time are slight.
A maximum value (60 mN/m) of surface energy was obtained after 30 s of plasma
treatment. Figure 3 also exhibits that the polar component for plasma treated
polystyrene increased almost in the same way as the surface free energy changed
while the dispersive component remained nearly unchanged. The reason of the
observed behavior is due to the presence of oxygen-containing functional groups
inserted by plasma into the polymer surface.
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Fig. 3 – Variation of surface free energy and its components, polar and dispersive,
for polystyrene as function of plasma treatment time.

3.2. SURFACE COMPOSITION ANALYSIS

An overview of elemental compositions and their quantifications based on
high-resolution elemental spectra of untreated and plasma treated polystyrene is
presented in Fig. 4. As expected, polystyrene contains mostly carbon (96.6 atomic %)
and small amounts of oxygen (3.1 atomic %) and nitrogen (0.1 atomic %) associated
with sterilization process and/or contaminations of the surrounding air. Primarily,
oxygen (9.5 atomic %) and small amounts of nitrogen (1.5 atomic %) were
incorporated into the polymer surface due to addition of oxygen and nitrogen from
ambient air to helium discharge. In this work, the DBD uses only pure helium but
the plasma chemistry is a mixture of helium-oxygen-nitrogen led by the presence
of oxygen and nitrogen radicals from ambient air [21].
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Fig. 4 – XPS survey for untreated and plasma treated polystyrene.

High-resolution XPS data in the C 1s region were acquired to identify the
presence of carbon-based functional groups on the treated polystyrene. Figure 5a shows
the highly resolved measured C 1s spectra of untreated polystyrene which is mainly
composed of C-Carom at 284.5 eV (carbon atoms in the phenyl ring), C-H/C-Caliph at
285.0 eV (aliphatic carbon), and the characteristic π  π* shake-up transition at
291.2 eV.
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Fig. 5 – XPS C 1s high-resolution spectra of (a) untreated and (b) plasma treated polystyrene.

Curve fitting of the highly resolved C 1s peak of plasma treated polystyrene
(Fig. 5b) exhibited three additional components positioned at BE of 286.5, 288.1
and 289.5 eV assigned to carbon-oxygen single bond (hydroxyl (C-OH)), carbonyl
group C=O, and carboxyl group (COOH), respectively. Carboxyl group and hydroxyl
group are polar groups and the greatest promoters to surface wettability [22].
3.3. CELL MORPHOLOGY AND VIABILITY

Cell experiments were performed in vitro and in serum-free medium conditions.
Figure 6 shows the optical micrographs of HaCaT cells grown on untreated and
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plasma treated polystyrene after 24 h of incubation. A distinct difference in cell
morphology and spreading on corresponding samples is observed. HaCaT cells
were fully spread out with good attachment, exhibiting 100% confluency on treated
polystyrene (Fig. 6b). In contrast, cells on untreated polystyrene exhibited 40-50%
confluency with cells rounded and lighter in appearance that indicate a poorly
adherence (Fig. 6a). The observed increase in cell attachment may result from
insertion of oxygen-containing functional groups on surface after plasma treatment.
The preference exhibited by keratinocyte cells for treated polystyrene containing
mixtures of -COOH and -OH groups confirms other findings with fibroblast [23],
osteoblast [24] and endothelial [25] cells. Moreover, keratinocyte cells have shown
a strong preference for surfaces with low amounts of carboxylic acid functional
groups [26].

a)

b)

Fig. 6 – Optical micrographs of HaCaT cells after 24h of seeding in a serum-free environment on:
a) untreated polystyrene and b) plasma treated polystyrene (magnification 200×, fixed and stained).

The metabolic activity of HaCaT cells on untreated and plasma treated polystyrene
was measured by Alamar blue assay. The measured metabolic activity of cells at 5 min,
30 min, 3 h and 24 h after placement of cells in the wells is presented in Fig. 7. At these
specific points, Alamar blue was added and fluorescence intensity was measured at
4 h after incubation.
Fluorescence intensity [a.u.]

25000
20000

polystyrene
plasma treated polystyrene

15000
10000
5000
0

5 min

30 min

3h

24 h

Time in culture

Fig. 7 – Fluorescence intensity of HaCaT cells cultured on untreated and plasma treated polystyrene.
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An increase in metabolic activity occurred on both untreated and treated
samples. Nevertheless, a difference in increased cell number with cell culture time on
corresponding samples is observed. The metabolic activity of the HaCaT cells growing
on the plasma treated polystyrene is significantly higher than on untreated sample.
4. CONCLUSIONS

Polystyrene surfaces were prepared by helium plasma using a dielectric
barrier discharge configuration to improve keratinocyte cell growth in a serum-free
medium. Few seconds of plasma treatment produced significant changes in surface
chemistry, noticeably lowering the contact angle and increasing surface free energy
due to the formation of oxygen-containing polar groups, such as hydroxyl and
carboxyl groups, on the active sites. Visual assessment of confluency and measured
metabolic activity showed that plasma treated surfaces are preferable for cell
growth compared to untreated ones.
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