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Abstract. Polystyrene (PS) films are used in packaging and biomedical applications
because of their transparency and good environmental properties. The present investigation is centered on the antifungal and antibacterial activities involved in the film surface.
Subsequently, microbial formations were immobilized on the modified PS films. Living
microorganisms such as bacteria and yeast were used. Untreated PS films show very fast
rate of growth of bacteria within few hours. The study involves developments of polymer
surfaces with bacterial growth and further studies after giving antibacterial treatment such
as plasma treatment. Major emphasis has been given to study the effect of various parameters which can affect the performance of the improved material. Films were prepared
by two methods: plasma treatment under vacuum and under ongoing He–Ne laser source.
The parameters such as (1) surface area by contact angle measurements, (2) quality of
material before and after treatment by SEM and FTIR spectra and (3) material characterization by UV–vis spectra were studied. It was observed that plasma treatment of the
PS material for different processing time improved the surface properties of PS films.
Keywords. Polystyrene; air plasma; living microorganisms; surface characterization.
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1. Introduction
Polystyrene (PS) is an inexpensive, and extensively used polymer. It has applications in foam packaging and as transparent sheets for domestic applications. It
is used for kitchen appliances and also as parts of toys, drinking cups and housing of computers [1,2]. Attention was given on the orientation of the bacteria
as they would adhere to the surfaces of polystyrene (PS) films of 100 to 120 µm
thickness [3]. Data show that the properties of PS changed because of adhesion
of bacteria. A pseudomonad strain was observed by Fletcher [4] to attach to hydrophilic surfaces, while assuming random orientations on hydrophobic surfaces. To
increase the hydrophilicity of the surface which would increase the ability to add
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the functional group, plasma surface modification is required [5,6]. The hydrophobicity/hydrophilicity of polymers is important in the determination of various polymeric properties, such as wettability, adhesion, colorability and anti-electrostatic
properties [1,7]. A general drawback of plasma reactor used for plasma processing
is the spread of the glow discharge in the entire region of the reactor. This results
in the contamination of other parts of the system during processing. The oil used
in the diffusion pump and rotary pump has to be changed frequently as it gets
mixed with monomer vapors. This reduces the efficiency of the process. Generally,
there is a decrease in the plasma density due to spreading of the plasma. In order
to overcome these drawbacks and also to achieve processing of a large area of the
substrate, a magnetron-enhanced bell-jar type plasma processing rector was used.
The magnetron enhancement results in confinement of glow discharge in inelectrode
space.
The present investigation is undertaken to extend the study of microbial behavior
on the plasma treated and untreated, i.e. control PS thin film sample. The spectral studies indicated that polymer surface decomposes after microbial treatment
because of the interaction between the bacteria and polymer surfaces with their
biopotency [8]. The growth of bacterial culture on the PS surfaces was investigated
before and after He–Ne laser treatment. He–Ne laser-treated PS films showed the
effective surface characteristics in FTIR spectra as well as the maximum optical
density in UV–vis absorption spectra. It has been generally accepted that UV photons and plasma interact with PS, leading to carbon–carbon scissions generating
a variety of oxygen-containing functional groups such as C–O, C=O or COOH at
the polymer surface. PS films on treatment with He–Ne laser light source shows
that, it can be used as an effective tool up to a certain time to reduce the bacterial
adherence and increase antimicrobial activity of the polymer [9].
2. Experimental
2.1 Materials
Polystyrene used in this investigation was obtained from Supreme Petrochemicals
Pvt. Ltd. Mumbai, India. The bacterial culture, i.e. yeast extract powder, potassium dihydrogen phosphate (KH2 PO4 ) and anhydrous dextrose (C6 H12 O6 ) were
brought from Himedia Chemist Company, India.
2.1.1 Preparation of the PS thin film samples and bacterial culture
A 5 wt% polymer solution in THF (tetrahydrofuran) was cast on Petri dish (diameter 14 cm). After solvent evaporation, the films were dried at 60◦ C and the
thickness of film was 120 µm and used for weight loss test. The thickness of films
was about 100 to 120 µm which was measured by micrometer screw gauge. The
bacterial culture was grown in the water medium and doped with the polymer
sample for 24, 48, 72 and 144 h.
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2.2 PS surface modification and characterization
2.2.1 Plasma treatment
The plasma processing chamber consisted of a bell jar with a diameter of 30 cm
and a height of 30 cm. The top and base plates had various ports. The magnetron
was mounted on the base plate. Also the inlets for the monomer and gas were
provided on the base plate. The gas inlet was externally connected to the mass
flow controller (Model URS-100). The top plate consisted of a port on which Pirani
Vacuum Gauge was fitted (figure 1a). Two stainless steel parallel plates inside the
chamber were capacitively coupled with RF source. The frequency of the power
source was 13.56 MHz which could deliver a power of 100 W. The treatment time
of the sample was varied from 15 s to 30 min. The working pressure was adjusted
to 0.2 mbar with the help of a mass flow meter. In the plasma surface modification
process, glow discharge plasma is created by evacuating a vessel, usually quartz
because of its inertness, and then refilling it with a low-pressure gas. The gas
is then energized using radiofrequency energy, microwaves, alternating current of
direct current. The energetic species in gas plasma include ions, electrons, radicals,
metastables and photons in short-wave UV range. Surfaces in contact with gas
plasmas are bombarded by these energetic species and their energy is transferred
from the plasma to solid. These energy transfers are dissipated within the solid by
a variety of chemical and physical processes. The unique surface modification that
can be achieved using the plasma process results from the effects of the photons and
active species in plasma which reacts with surfaces in depths from several hundred
angstroms to 10 µm without changing the bulk properties.
2.2.2 He/Ne laser treatment
He–Ne laser light treatment was given to PS film surface. Experiments were carried
out for different time duration of He–Ne laser source of power 10 mW at 632.8 nm
wavelength. The experiment assembly is shown in figure 1b. The test material was
placed horizontally between two thin glass plates and covered with black tinted
paper to avoid the emission of beam from the glass plates. The distance between
the laser source and the glass plates is 10 cm. This treatment was performed in the
presence of air.
2.2.3 Wettability
The contact angle measurements were made with projection microscope (Polana
Model MP3 Nr 3905), modified in order to get the image of drop directly on the
screen in magnified form.
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Figure 1. (a) Schematic diagram of plasma glow discharge technique in gas
plasma reactor. (b) Schematic diagram of He/Ne laser beam treatment on
the PS surface.

2.2.4 UV–vis spectroscopy
All UV–vis spectrophotometric measurements of treated as well as untreated films
were made with LAMBDA/25/35/45 UV/vis spectrophotometer of Perkin–Elmer.
The % transmittance and absorption spectra were taken in the range of 70–190 nm.
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2.2.5 FTIR spectroscopy
FTIR spectra were recorded using Perkin–Elmer, FTIR spectrophotometer (Model
PARAGON-500). The comparative FTIR spectra of the treated and untreated
samples were recorded in the range 4000–40 cm−1 . The FTIR spectra were taken
in transmittance mode.
2.2.6 Morphological studies
Scanning electron microscopy (SEM) studies were carried out using FEI (Quanta200). The samples were first mounted on a stab using double sided adhesive tapes
and coated with a thin layer (≈200 Å) of gold. For coating, sputter coating Unit
EM scope Model SC-500 was used.
3. Results and discussion
3.1 Contact angle measurements
In static contact angle determination, doubly deionized water and glass (the standard hydrophilic surface) were used to validate the measurements. The water contact angle of PS film samples treated with air plasma for different processing time
with the time dependence study up to 20 days is shown in figure 2. The air plasma
treated samples showed a decrease in the contact angle with increasing processing
time. When the treatment time increases beyond 20 min, the surface is deteriorated. A similar effect was observed up to 30 min after immediate characterization.

Figure 2. Contact angle as a function of processing time with ageing effect
study of air plasma treatment.
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Figure 3. (a) UV–vis transmittance spectra of pure polystyrene films with
microbial behavior. (b) UV–vis transmittance spectra of plasma-processed PS
films treated with bacteria.

This clearly showed that the plasma parameters had definite effect on the surface
of polymer.
3.2 UV–vis spectroscopy
The zero transmittance value is around 270–280 nm. In figure 3a, at visible range,
i.e. at 300 nm, transmittance values decrease as the treatment time of bacterium
increases when compared to pure PS sample. But the standard zero transmittance
value which is around 260–270 nm was observed without any change [9,10]. Figure
4 shows that the transmittance value of plasma-treated PS sample is less than pure
940
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Figure 4. FTIR spectra of PS films treated with bacteria. (a) Pure PS film,
(b) 24 h bacteria-treated PS film, (c) 72 h bacteria-treated PS film and (d)
144 h bacteria-treated PS film.

PS sample, but the decreasing rate of transmittance of bacteria-treated PS sample
after plasma treatment is very slow which is showed in figure 3b. The deviation of
transmittance value of PS sample at 300 nm wavelength with respect to the time
of bacterial treatment and the adhesion statistics of polystyrene film is shown in
table 1. The value of % transmittance at visible range, i.e. 300 nm, decreases
drastically. 50% transmittance is observed in the case of plasma-treated sample
and subsequently remains almost the same after 48 h of bacterial treatment.
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Table 1. Effect of bacterial growth on transmission of PS films in UV–vis
spectroscopy.
Zero % Transmittance
at wavelength
(nm)

PS sample
type

% Transmittance
in UV region
(300nm)

Pure polystyrene after bacterial treatment
Pure PS
24 h
48 h
72 h
144 h

272
270
273
269
271
Plasma-treated polystyrene after bacterial treatment

Plasma treated PS
24 h
48 h
72 h
144 h

273
270
272
272
272

59.486
28.538
25.465
9.5019
5.8798
40.839
39.677
35.938
24.15
15.487

Plasma-treated PS film has a maximum absorption value of 3.1 at the same band
when compared to pure PS (figure 5b). He–Ne laser exposures on PS film have
λmax value at the same band, i.e. 262 nm. In figure 5c laser-treated film shows
an absorption of 5.3 which is higher than pure and plasma-treated PS. This is due
to the presence of benzene rings (phenyl residue). The interaction between the
benzene rings which are non-conjugated systems showed that, no damage occurred
in the structure of PS because of surface modification treatment [9].
3.3 FTIR spectroscopy
The comparative spectra are shown in figures 4, 6–8. These samples were treated
by bacterial culture for different time durations. The comparison of spectra shows
broad bands around 3300 cm−1 and 1600 cm−1 which correspond to hydroxyl group.
This is possibly occurred because of absorption of some type of vapor present in
the atmosphere on the modified surface. This is an indication of the increase
in hydrophilicity and wettability of the PS sample [11]. Air plasma-treated and
untreated sample showed some changes in FTIR spectrum. Figure 4 shows the
FTIR spectra of pure PS and bacteria-treated PS. There is no change in the nature
of the surface of PS up to 24 h of bacterial treatment. But, there is clear evidence
of the changes, when the polymer was treated for longer period, i.e. 72 h. The peak
intensities decrease and after 72 h of bacterial treatment the nature of hydrogen
stretching benzene mode at 3068 cm−1 was changed. Figure 6 shows the FTIR
spectra of 30 min plasma-treated PS and bacterial treatment on plasma-processed
PS. As compared to figure 4 similar effect was observed in figure 8 when bacterial
treatment was given for 144 h. In figure 7, He/Ne laser treatment shows more effect
942
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Figure 5. UV–vis absorption spectra of polystyrene films. (a) Pure PS film,
(b) 15 min plasma-treated PS film and (c) 15 min He–Ne laser-treated PS
film.

on the nature of the surface of PS film; the nature of hydrogen stretching mode at
3068 cm−1 did not change compared to figure 4. Due to the laser treatment of 24-h
bacteria-treated PS surface, bacteria could not affect the polymer surface.
In figure 8 the bandwidth spectra between 800 cm−1 and 600 cm−1 are shown;
there are three very intense bands in the region of FTIR spectrum of polystyrene,
i.e. 540 cm−1 , 700 cm−1 and 760 cm−1 . This frequency region is expected to
increase, perhaps to about between 700 cm−1 and 730 cm−1 [12,13], when single
substituents of infinite mass are substituted on the benzene ring. It is suggested that
the band at 700 cm−1 is to be assigned to a CH2 rocking mode [14,15]. The spectral
studies indicated that polymer surface decomposes after microbial treatment but
plasma treatment shows the desired effect between bacterial growth and polymer
surfaces with their biopotency. In contact with the bacteria, the plasma-modified
polymer exhibits different degrees of antimicrobial effects because plasma-processed
polymer have good surface properties that are different from those of bacterialtreated polymer.
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Figure 6. FTIR spectra of plasma-processed PS films treated with bacteria.
(a) Plasma-treated PS film, (b) 24 h bacterial treatment on plasma-treated
PS film, (c) 72 h bacterial treatment on plasma-treated PS film and (d) 144
h bacterial treatment on plasma-treated PS film.

3.4 SEM studies
The surface morphologies of samples studied by SEM and the micrographs are
shown in figure 9. The images of the treated samples when compared with the
untreated sample indicated that surface morphology changes during the plasma
treatment. The sample which was treated with bacterial culture up to 24 h shows
prominent change in surface morphology whereas the samples that were treated
with air plasma and with bacterial culture up to 72 h shows some change in the
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Figure 7. FTIR spectra of He–Ne laser-treated PS films. (a) Pure PS film,
(b) 15 min He–Ne laser-treated PS film and (c) 24 h bacterial treatment after
15 min He–Ne laser.

superficial surface of the polymer. Therefore, microbial properties change with
the variation in the sample such as concentration of the sample, different time
durations and other external treatment on the sample. This clearly indicates that,
the requirement of treatment of plasma or various dopants play an important role
in the properties of sample.
Surface treatments are used to increase the surface energy and to change the
chemical composition of the substrate. This approach is relatively simple and
Pramana – J. Phys., Vol. 70, No. 5, May 2008
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Figure 8. Difference FTIR spectra at 800 nm to 600 nm bandwidth for plasma-treated PS films. (a) Untreated PS film and (b) 15 min plasma treatment
on PS film.

produces good surface conformity and uniformity. In the case of glow discharge
air plasma, free electrons gain energy from an imposed electric field and lose their
energy through collision with neutral gas molecules. The transfer of energy to
the molecules present on the surface leads to the formation of a variety of new
species such as metastable free radicals, ions photons and neutrals. These are all
chemically active and lead to a variety of plasma chemical reaction and form new
types of compounds. These new energetic species may act as antibacterial agents
on the surface of the plasma-processed polymer. The spectral studies indicated
that polymer surface decomposes after microbial treatment but plasma treatment
shows the desired effect between bacterial growth and polymer surfaces with their
biopotency. It can be concluded that, the PS films processed using low pressure air
plasma shows good improvement in surface-related properties. In contact with the
bacteria, the plasma-modified polymers exhibit different degrees of antimicrobial
effects because plasma-processed polymers have good surface properties that are
different from those of bacteria-treated polymers. Resistance has been defined as
the temporary or permanent ability to reduce the growth of bacteria. We have
seen in FTIR and UV–vis absorption spectra, the same property enhancement as
plasma-treated PS film. In the FTIR spectra of laser-treated PS, there are no
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Figure 9. Scanning electron micrographs of different PS films. (a) Pure PS
film, (b) 24 h bacteria-treated PS film, (c) 48 h bacteria-treated PS film, (d)
72 h bacteria-treated PS film, (e) 24 h bacterial treatment on plasma-treated
PS film, (f) 48 h bacterial treatment on plasma-treated PS film and (g) 72 h
bacterial treatment on plasma-treated PS film.

changes in the nature of the peak positions but when we give the surface modification treatment of laser the peak intensities were increased. In UV–vis absorption
spectra, due to laser treatment the maximum absorption value also increased. In
this mechanism the energy of red (632.8 nm) He–Ne laser was transferred from the
triplet state of light absorbing compound used as a photosensitiser to molecules
other than oxygen resulting in the formation of highly reactive free radicals [16].
These highly reactive free radicals and other transferred energetic species may act
as antimicrobial agents for the polymer.
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4. Conclusion
Plasma treatment plays an important role in the surface properties of PS, which is
clearly observed in the FTIR and UV spectra. It was observed that untreated PS
film shows growth of bacteria at a faster rate within 24 h. But the PS film treated
with air plasma showed a decreasing rate of transmittance after 72 h of bacterial
treatment. Subsequently, He–Ne laser-treated PS films showed the effective surface
characteristics in FTIR spectra as well as determine the maximum optical density in
UV–vis absorption spectra. The wettability of air plasma-treated PS films was investigated by distilled water contact angle measurements by studying ageing effect.
PS films on processing in the air plasma glow discharge and ongoing He–Ne laser
light source show that, it can be used as an effective tool to reduce the bacterial
adherence and antimicrobial activity for the polymer.
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