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The antimicrobial and antifungal activity of polymers used in medical devices has been extensively studied due to the growing
impact of hospital-related infections in patients. The ideal biocidal polymeric materials should be very effective in the
microorganism’s inhibition, not toxic to the human body, and environmentally friendly. In this context, this work is aimed at
obtaining antimicrobial and antifungal properties at the polyester film surfaces without introducing toxic effects. Poly (ethylene
terephthalate) (PET) films were functionalized with Ar plasma and then immersed in a solution containing gold nanoparticles
(AuNps). The results demonstrated the appearance of the hydrophilic groups on the film surface after modification of PET film
by plasma Ar treatment and the formation of the polar groups such as C=0, COO-, and OH, which then reacted with AuNps.
The changes induced in the treated polymer samples were investigated in terms of AuNp adsorption efficiency on polyester film
by contact angle, profilometry, Scanning Electron Microscopy (SEM), Attenuated Total Reflectance Spectroscopy-Fourier
Transform Infrared (ATR-FTIR), and X-ray Photoelectron Spectroscopy (XPS) measurements. The morphological and
structural analyses have shown a good adhesion of AuNps at treated film surfaces. The results of biocompatibility antimicrobial
and antifungal tests proved the nontoxic behavior of the sample and its good antimicrobial and antifungal activity.

1. Introduction

The functional groups on a polymer film surface are very
important in tailoring the properties for targeted biomedical
applications [1, 2]. The surface characteristics depend on the
balance of hydrophobic-hydrophilic of the polymeric mate-
rial, which induces properties such as adsorption, adhesion,
permeability, wettability, and other important parameters
for various applications [3-6]. The surface activation is a
common way to promote polymers with properties for target
applications. Various methods of surface functionalization,
such as plasma activation, UV activation, laser activation,
electron-beam irradiation, and chemical activation, improved
the polar group concentration at the polymer’s surface,
enriching their biocompatibility [7-9]. Polyethylene tere-
phthalate (PET) is one of the most studied polymers for

flexible substrates used in biosensing platforms [10-12].
PET is often used to layer functional components such as
metal coatings, metal oxides, conducting polymers, and
nanoparticles to form thin structures that can easily con-
form to biological surfaces [13, 14]. From our knowledge,
there are not many studies that address the subject of
PET enriched with gold nanoparticles [15], although the
surface properties prove to be radically improved by these
treatments. A flexible molecular imprinted electrochemical
biosensor using Au/PPy nanowires was proposed for dopa-
mine sensing [16], but Au nanowires were first grown on
the flexible Au-coated PET substrates. Other authors [17]
described the fabrication of a simple and inexpensive glu-
cose sensor based on PET film with a gold electrode. The
presence of gold nanoparticles in biosensors can improve
its sensitivity due to the generation of a biocompatible
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microenvironment, greatly increasing the amount of immo-
bilized biomolecules on the electrode surface [18, 19].

The introduction of antimicrobial properties into medi-
cal devices has been extensively studied to control the grow-
ing problem of hospital-related infections. A greater number
of studies have successfully exploited polymeric and inor-
ganic nanoparticles (NPs) [20-23]. Among those, gold
nanoparticles (AuNPs) are one of the most investigated
tools in nanomedicine. These particles have been used as
therapeutic agents [24], diagnosis agents [25], and imaging
agents [26, 27]. Due to their nanoscale size with dimensions
comparable to those of the biological compounds, AuNps
present remarkable physicochemical properties (which are
different from those of the corresponding bulk materials).
The AuNps act as a multimodal tool in enhancing scaffold
properties, cell differentiation, and intracellular growth
factor. Because the materials containing AuNps present
antimicrobial activity, they are very appealing for the appli-
cations requiring biocidal surfaces [28].

The present study is aimed at developing a sensitive
biocidal surface using plasma activation of PET film sur-
faces. Under Ar plasma treatment, the surface polar group
concentration increases [29]. It is known that the increase
of the polymer surface energy charges is due to the incor-
poration of the C-O, C=0, and O-C=0 groups after func-
tionalization [30-32]. The treatment time cannot be too
long but must be enough for optimal surface activation.
That means that the surface must be only activated, not
degraded, to keep the surface properties unaltered [33].
After activation, the films were introduced in Au buffer
solution. The activated PET film surface with Au particles
was investigated by contact angle measurement (WCA),
Attenuated Total Reflectance Spectroscopy-Fourier Trans-
form Infrared (ATR-FTIR), Scanning Electron Microscopy
Imaging (SEM), and X-ray Photoelectron Spectroscopy
(XPS). Cell growth assays on these films have been per-
formed using fibroblast cells to prove the efficiency of
our studies in biological applications.

2. Experimental

2.1. Materials. Poly (ethylene terephthalate) (PET) film
biaxial oriented with 30 ym thickness (Tg~80) was obtained
from TEROM, Iasi, Romania. AuNps of 15nm diameter,
present in stabilized suspension in 0.1 mM PBS Au reactant
free, was purchased from Sigma-Aldrich. The fibroblast
cells used in this work were isolated by explant method,
from Albino rabbit skin dermis, according to the animal
welfare requirements and ethical approval of the Ethical
Committee of the Grigore T. Popa University of Medicine
and Pharmacy of Iasi. Briefly, 1cm® of the rabbit skin was
sterilized using a 3-step washing procedure in the Dulbec-
co’s Modified Eagle Media (DMEM-Sigma) with decreasing
antibiotic concentration as following: Ist step—10min
shaking in 4% penicillin/streptomycin/neomycin (PSN)
solution (Sigma), 2nd step—10min shaking in 2% PSN
solution, and 3th step—10 min shaking in DMEM without
PSN. After the last washing step, the hypodermic part of
the skin was removed, while the dermis and the epidermis
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were cut in small pieces, 1-2 mm size. The skin pieces were
plated with the dermis part down on a thin layer of the
bovine fetal serum (BFS-Sigma), spread on the culture sur-
face of the 25cm” TC-treated cell culture flask, and then
covered with a small amount of DMEM supplied with
15% BES and 1% PSN. The seeded explants were incubated
for approximately two weeks at the 37°C, 97-98% atmo-
spheric humidity, and 5% CO,, until the confluent cell
monolayer was formed around each tissue explant. The pri-
mary dermal cells from the explants were cultured for sev-
eral generations through standard cell techniques [34]. For
the biocompatibility experiments, the 4 and 5 cell passages
were used.

For antimicrobial activity tests of the samples, four fungi
(Aspergillus niger ATCC 53346, Fusarium ATCC 20327,
Penicillium chrysogenum ATCC 20044, and Alternaria alter-
nata ATCC 8741) from pure culture and two bacteria (Pseu-
domonas aeroginosa ATCC 27813 and Bacillus sp. ATCC
31073) species were chosen. [35].

Microbial suspensions were prepared in accordance with
the direct colony method; the microbial suspension consists
of a mixture of 6 microorganisms. The successive dilution
procedure has been used to prepare the suspension of micro-
organisms [36]. The final load of as prepared stock inoculum
was 1x10* cells/ml. The number of viable microorganisms is
achieved by increasing dilutions in a liquid medium, in which
they are in contact with fixed quantities from the microbial
culture. For these determinations, we used Petri dishes with
culture medium agar—Sabouraud and agar—agar and sim-
ple Broth, at 37°C from Merck. The inhibition zone measure-
ment was performed using the Olympus SZX 160 microscope
with QuickPHOTO micro 2.3 processing software.

2.2. Surface Treatments. The steps of polymer surface
treatment are described in Figure 1. The PET films were
cleaned, washed with ethanol, dried at room temperature,
cut into 5 x 5cm pieces, and then introduced in a radio-
frequency plasma reactor (Emitech K1050 Plasma Asher,
Emitech Ltd, UK). After the ignition of argon plasma
(gas purity 99.997%, power 30W, and the pressure of
10-2 mbar), from a large series, two treatment times were
chosen because of their low degradability rate [37, 38]
and high performance of introducing active groups at
polymer surface at 3 and 5min. (Figure 1(a)).

The PET films with activated surface were immersed
for 12h into the colloid solution of Au nanoparticles
(Figure 1(b)). The studied samples were PET (pristine
PET), PET-3Au (PET treated for 3 min in the plasma reac-
tor and then immersed in Au solution), and PET-5Au
(PET treated for 5min in the plasma reactor and then
immersed in Au solution). To avoid the excess of non-
bound Au nanoparticles at the treated surfaces, all samples
were cleaned with MilliQ water.

2.3. Characterization Methods. In the present work, the sur-
face morphology of the samples was investigated by using
contact angle, SEM Scanning Electron Microscope analysis,
and profilometry, while the structural changes were recorded
by using FTIR and XPS methods.
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FIGURE 1: Schematic treatment mechanism.

Static contact angle values were evaluated by the
sessile-drop method, with a CAM-101 (KSV Instruments
Ltd., Helsinki, Finland). The system equipped with a liquid
dispenser for contact angle measurements includes a video
camera and analysis software for drop shape (KSV CAM
Optical Contact Angle and Pendant Drop Surface Tension
Software, version 3.99, KSV Instruments Ltd., Helsinki,
Finland). The liquids used as solvents for these studies
are double-distilled water and ethylene glycol. For each
kind of liquid, three different regions of the surface for
each liquid were selected at room temperature.

Scanning Electron Microscope (SEM) micrographs were
recorded with a Quanta 200 scanning probe microscope
(FEI Company, Brno, Czech Republic).

The infrared spectra were investigated using a LUMOS
FT-IR Microscope (Bruker Optik GmbH, Ettlingen, Ger-
many) with an Attenuated Total Reflectance (ATR) reflec-
tion module containing a diamond crystal and single
reflection at 45° angle and software for spectral processing
OPUS 8. The sample surface was scanned in the 600-
4000 cm ™" range. All spectra were collected by cumulating
64 scans at a resolution of 2cm ™. The spectra were recorded
at a constant temperature of 25°C.

The X-ray photoelectron spectra (XPS) were recorded on
a KRATOS Axis Nova (Kratos Analytical, Manchester,
United Kingdom) instrument equipped with a monochro-
matized Al Ko X-ray source (1486eV). The wide scan was
recorded by using a monochromatic X-ray beam focused
on a 0.8 x0.2mm area of the surface, in various locations
on each sample. The XPS survey spectra were collected in
the range of —10 to 1200 eV, with a resolution of 1eV. For
each sample, five measurements were performed.

Au colloid solutions before and after polymer treatment
were analyzed by Ultraviolet-visible (UV-vis) spectropho-
tometer (Barloworld Scientific Ltd, Dunmow, Essex, UK).

Film roughness was determined using a Tencor Alpha-
Step D-500 stylus profiler (KLA Tencor Corporation, Milpi-
tas, CA, USA) at 1000 ym scan length and 100 ym/s scan

speed. The arithmetic average of the absolute values of the
profile heights over the evaluation length Ra was measured
by applying a stylus force of 2.3 mg and a long-range cutoff
filter of 25 ym.

Cell-grow images were recorded using an inVia™ confo-
cal Raman microscope spectrometer (Renishaw plc, Glouces-
tershire, United Kingdom) equipped with a Leica DM2700
microscope with 5x, 20x, and 100x objectives.

2.4. Antimicrobial and Biocompatibility Tests. Antimicrobial
and antifungal activity was tested by determining the min-
imum inhibitory concentration (MIC) using the disc diffu-
sion method. All MIC range was followed according to the
NCCLS guidelines (NCCLS, 1997). In the Petri plates, the
standard culture medium was seeded with the microorgan-
ism suspension throughout the surface. The diffusion disk
is represented by samples 3 and 5 with dimensions of
1cm®. The MIC evaluation was made in relation to the
blank sample. The inoculated plates were incubated at
32°C for 7 days. The first observations were made after
24 hours by measuring the inhibition zone and the final
measuring after 7 days.

2.4.1. Cell culture. The sterilized and equilibrated polymer
pieces with a diameter of 10 mm were placed on the bottom
of the wells of a 48-well culture plate. The fibroblast suspen-
sion in DMEM supplemented with 10% BFS and 1% PSN, at
the concentration of 2x104 cells/material piece, was added
over polymer and cultured at 37°C temperature and 5%
CO, atmosphere for 24 hours. After 24 hours of cell seeding,
the materials with the attached cells were moved to a new cul-
ture plate and cultured in the same condition until at list day
2. The attached cells on the material surface were fixed using
4% paraformaldehyde solution and analyzed by confocal
Raman microscope spectrometer (Renishaw plc, Gloucester-
shire, United Kingdom) equipped with a Leica DM2700
microscope with 5x, 20x, and 100x objective microscopy.
The cytotoxicity of each material sample was determined by
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TaBLE 1: Surface roughness and wettability results.
Roughness Contact angle measurements parameters
Sample P d
Ra (nm) 0, e w Ysv Ysv Ysv Ysi
PET 22.95 79.67 54.75 114.82 95.57 7.06 102.63 10.99
PET-3Au 33.73 51.49 27.20 137.55 108.42 1.43 109.85 22.76
PET-5Au 57.74 54.35 22.46 140.07 121.77 3.52 125.29 22.95

the viability of the cells growing with the materials. For cell
viability measuring, the widely used MTT assay was chosen
[39]. Briefly, the sterilized and equilibrated polymer pieces
with a diameter of 5mm were incubated with fibroblast
suspension at the cell concentration of 1x10* cells/material
piece. After 48 hours of cell seeding, the MTT reaction
was performed. The experimental results have been
expressed as a percent of control cell viability (cells grow-
ing without any material).

3. Results and Discussion

3.1. Surface Wettability and Morphology. The water contact
angle of the pristine PET film of about 80° indicated the
hydrophobic character of the sample. The reactive groups
on the PET oxidized surface were due to plasma gases,
allowing the introduction of the Au particles onto the pre-
treated polymer substrate. If the surface has hydrophobic
character, the water will not be able to penetrate the hol-
lows and pores on the rough surface and will keep a rest-
ing state in a semisolid and semiair plane surface, which
will increase the contact angle significantly [40]. The sur-
face has a big improvement in wettability after the plasma
treatment, the surface character being modified from
hydrophobic to a hydrophilic one and an increase in the
surface roughness being noticed. The differences in the
contact angle values show that the presence of the polar
groups like hydroxyl and carboxyl groups after surface
activation improves the wettability of the surface film.

The reason for these observed behaviours is the amount
of bonded broken fragments of the macromolecules and
surfaces the irregularities restricting reorientation of the
groups which contain the oxygen from the surface of the
film. These are the results of the plasma interaction with
the polymer surface.

The values of the water contact angle for different treat-
ment times decreased with increasing treatment time,
remaining in the hydrophilic area. From the Owens-
Wendt-Rabel [41, 42], the values of the static contact angle
(0,, for water and Oy for ethylene glycol) were used to esti-
mate the wettability and surface tension of the solid surface.
Based on these measurements, some parameters such as
surface-free energy (yq, ), solid-liquid interfacial tension (yq
), or work of adhesion (W) were determined. The increase
of the plasma treatment time causes an increase of the surface
roughness parameters Ra (Table 1), measured with the pro-
filer. In contrast, the water will penetrate and fill up most of
the hollows, and the Au nanoparticles which have an intrin-
sically hydrophilic material will form a surface with one solid

part and other liquid parts and therefore leading to a low
water contact angle compared to the pristine sample.

The values listed in Table 1 revealed that both plasma treat-
ments significantly increased the surface energy, mainly due to
the increase in its polar component, the highest value being
obtained for PET-5Au sample. The active sites created by the
plasma treatment on the polymer surface ensured appropriate
interactions and sufficient bonding sites which allows for
anchoring of the gold nanoparticles (reflected in 6,,). The
amount of AuNps at the polymer surface is increasing with
the increasing of the plasma treatment time. This evolution
correlates with the evolution of the interfacial tension (y),
which increases with the increase of the Au density on the sur-
face (nanoparticles having very high surface energy) [43].

According to this method, depending on the number of
functional groups on the surface of the polymer, when the
values of one of the components decrease, the other one will
increase. Thus, for studied PET samples, the disperse compo-
nent has lower values than the polar one, so there are more
hydrophilic groups than hydrophobic on the surface. The
interfacial energy value may be high or low depending on
the attraction forces between the fluid molecules and the
solid surface. Thus, the greater the force of attraction between
the liquid molecules and the polymer surface is, the higher
the amount of energy will be recorded, and the drop of liquid
will adhere less to a treated polymer surface.

The plasma modifications enrich the surface with polar
groups, such as different types of carbonyl, hydroxyl, and
hydroperoxide groups [37]. After treatments, free surface
energy yq, and the interfacial energy y, increase compared
with the pristine film, and Au particles can be easily immobi-
lized on the surface of materials due to their interaction with
polar groups.

From SEM images (see Figure 2), both times of treatment
evidence a dense distribution [44] of the gold nanoparticles
on the surface for all samples.

The two-step treatment leads to a significant change in
surface morphology, resulting in the increased adhesion
properties of the treated surface samples compared to the
pristine one, with the formation of Au-polyester bound.
The plasma treatment followed by immersion in a solution
containing Au nanoparticles created nanoscale irregularities
on the material surface. In most cases, the Au nanoparticles
can be associated with the presence of a cluster, which influ-
ences the electrostatic interaction characteristics of the sam-
ple by electronic transfer [45, 46].

The initial solution with Au nanoparticles has a bright
red colour and presents peak absorption at 520nm in the
UV spectrum (Figure 3). After the immersion of plasma-
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FIGURE 2: SEM of images of PET (a) untreated and anchoring the Au particles after plasma action for (b) 3 min and (c) 5 min.
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FIGURE 3: UV-vis spectra of the gold nanoparticle solution: (A)
before and (B) after the immersion of plasma-treated PET films.

treated PET films, the solution presents a violet colour usu-
ally associated with the agglomeration of nanoparticles, and
the peak absorption shifts to 534 nm [47].

3.2. Surface Chemistry. The ATR-FTIR spectra of the pristine
PET (Figure 4) contain characteristic PET vibrations at
1717 cm™ (vC=0 this vibration is the overlapping of peaks
of the ester groups), 1102 cm™ (C-O stretching), the stretch-
ing bands at 1409 cm™ (aromatic skeletal with C=C groups
from internal band), the bending vibration at 1340 and
1370 cm™ w(CH,), 1018 cm™? 8(C-H), 873cm™, and
729cm’™ for p(C-H) and p(C-0O). The PET film treated in
an inert gas-like Ar induces polar components.

After functionalization, the strong bands of polar groups
at 3340cm™ from O-H stretching and bond of the ester
groups of C=0-O at 1238cm™" appeared in the FTIR spec-
trum. At 1648 cm’™, the characteristic vibration from polar
groups indicates the presence of the Au nanoparticles
attached on the film surface and in the interaction with car-
bonyl groups. The metallic (Au®) gold is involved in those
reactions, forming a certain complex. The negative groups
on the PET surface were detected by ATR-FTIR spectros-
copy, and in Figure 4, the spectra show a new peak at

1620cm™ attributed to COO- band after interactions with
Au [48]. ATR-FTIR spectroscopy confirms the interaction
between carbonyl group with Au particles and the apparition
of a complex (see Figure 5).

The interactions of the Au™ ions with carboxylate groups
(R-COO-Au" interactions) also have as result the appearance
of a new complex. In the case of interaction with Au, the
binding energy of the oxygen depends on the parity of the
number of electrons in the cluster: when the number of elec-
trons is odd, the interaction is stronger, due to a smaller ion-
ization potential.

The vibration signals in the spectra of the treated sam-
ples, located at 1527 and 1585 cm'’, show the formed carbox-
ylate anions. In the ATR-FTIR, spectra are presented the
vibrations from C-H aliphatic stretching (3000-2850 cm™),
and C-H bend (1470-1370cm™) indicating the attachment
of the particles and ions. A new absorption appears at
2150 cm™. These absorptions were attributed to CO absorp-
tions, which were in interaction with Au. These consider-
ations have been taken as some observations from
researchers ~2100 cm™ have been reported in the literature
in FTIR spectra from CO-free molecules in the presence of
[PVP]/[Au] ratios of 100 [49].

3.2.1. XPS Analysis. The changes in PET surface composition
after treatments were revealed by XPS measurements, which
demonstrate the presence of Cls, Ols, and Au4f peaks [20] in
the recorded spectra. The results of XPS analysis are in con-
cordance with the data from ATR-FTIR: the Au concentra-
tion increased with increasing treatment time. From the
XPS data, the amount of Au presented on the treated polyes-
ter surface is higher in the case of PET-5Au treatment com-
pared to PET-3Au. The XPS spectra indicate that the
concentration of atomic percent of C and O decreases, in par-
allel with increasing the concentration of Au particles. The
elemental composition and the ratio of elements are summa-
rized in Table 2. The presence of the new oxygen-containing
groups on the PET film surfaces is reflected in the change of
the O/C atomic ratio, as well as in the improvement of the
surface hydrophilicity. This atomic ratio explains the hydro-
philic growth from 0.34 to 0.35 [50].

Figure 6 shows the XPS spectra of all the studied samples.
The plasma treatment induces the presence of polar groups
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on the surface film (surface enriched with O- and COO-),
and the Au atoms act as electron acceptors. An electron
transfers from oxygen to gold particles because on the surface
we found species with oxygen such as carboxy, peroxy, and
hydroxyl, a charge transfer from the substrate to the Au par-
ticles could explain this behavior. XPS experiments demon-
strated that the particles were partially oxidized.

The Au4f7/2_5/2 core-level peak was found into two
doublets assigned to the Au’ located at 82.9eV and the
Au’* at higher binding energy side (86.6 V). We assume that
on the surface of the polymer, we will find metallic Au, Au®,
and Au’*. These values from the XPS analysis data revealed a
shift of 4f to about 82 eV, which can be attributed to metallic
Au. These values of the XPS values indicate a state of Au
metal even if it is in a state of oxidation, so a shift of value
to smaller values was observed in the specialized literature
by other researchers [51].

Thus, it is noticeable that upon oxidation of the Au metal,
it moves to lower values of the connecting energy (eV) [52].
This behavior was observed at the interaction of Au particles
that interact with a negatively charged present on the surface
become active, especially when interacting with oxygen-
containing species.

The polar groups play an important role in anchoring
the Au particles on PET. The appearance of complexes at
polymer surface after the interaction with the colloidal
solution containing Au nanoparticles was also demon-
strated by UV measurements (Figure 2) and was accom-
panied by a change in the gold solution color (from red
to indigo).

The species Au’" adsorbed on PET sample-
functionalized surfaces led to the change in the solution

color. This fact can be correlated with the particle size. When
the surface of the polymer has been activated, the increase in
activity per unit surface area has been achieved by the charge
on the surface with more electronic charge activity that may
induce an increase in the concentration of nanoparticles
attached on the membrane and in the same time, more
crowded areas may appear.

The gold coordination state is influenced by the support
that is loaded with different oxygen-containing species in
interaction with Au and present onto the polymer surface
due to the plasma treatment. The peak of the Au metallic
from 4f is shifted due to the electron transfer from Au. Some
authors [47] concluded that Au®" was converted to Au®"
by electron transfer induced by the different functional spe-
cies containing oxygen. The oxidation state is influenced by
the distance between species and the spatial orientation of
the Au particles.

Several aspects could be highlighted by FTIR and XPS
measurements: first of all, a successful immobilization of
the stable gold nanoparticles at the polyester surface at dif-
ferent concentrations, depending on the plasma treatment
time (which induced certain active group in certain concen-
tration), can be observed. On the other hand, an interaction
mechanism can be proposed based on the interaction of
gold with O- and COO- groups from the plasma-treated
polymer surface by electronic transfer. After plasma treat-
ment, OH groups are present at the polymer surface, from
the atmosphere and can interact with gold forming non-
stable species such as HO-Au-CO, which will act as inter-
mediary species.
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F1GURE 6: XPS spectra of (a) PET pristine, (b) PET-3Au, and (c) PET-5Au.

3.3. Cell Population Tests. The distribution and the cell pop-
ulation are developing in a manner depending on surface
topology and roughness. The balance between hydrophilicity
and hydrophobicity due to the rearrangement of the polar
groups is depending on the surface treatment conditions.
The surface roughness influences the surface wettability,
i.e., by improving the geometric conformation, better expo-
sure of the active sites is induced, and allowing better adhe-
sion of the cells.

Cellular adhesion to materials is initially mediated by the
first layer previously adsorbed onto the surface of the mate-
rial. The formation of the contacts between cells and support
occurs when the binding of fibroblast cell is realized in differ-
ent points, determining the interaction between the cells and
the polymer support.

Figure 7 presents confocal microscope images of the bio-
compatibility test results on studied samples populated with
fibroblast. The cell’s activity after 48 h was compared to one
of the unmodified samples (PET), revealing an increased cell

proliferation. The cell viability at 48 h of fibroblast incubation
was of 100% for the untreated PET, 81.9% for 3 min, and
85.07% for 5min of plasma treatment, followed by Au parti-
cle immobilization. The surface chemistry, the morphology,
the surface energy, and the hydrophilicity play an important
role in cell adhesion, thus, influencing the cell binding on the
substrate and the ability to proliferate [53]. The surface
energy of PET-studied samples plays an important role in cell
adhesion: more fibroblasts can adhere and spread widely on
the more hydrophilic polymer surface [54].

3.3.1. Results of the Antimicrobial Activities. The screening
results indicate that the two analysed samples, for the antimi-
crobial activities, MIC values for the tested polyester film
samples are PET-3Au and PET-5Au, have good antibacterial
and antifungal activity and sample PET-5Au has a 2mm
inhibition area and for the PET-3Au sample a 0.5 mm. The
evaluation of the tests was performed to compare with the
PET sample, the antimicrobial activity of PET-3Au and
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FIGURE 7: Images of fibroblast cells grown for 48 h on (a) PET untreated film, (b) PET-3Au, and (c) PET-5Au (scale 100 ym).
TABLE 3: Results of “in vitro” antimicrobial activity testing of compounds and inhibition zones (mm) after 24 hours.

Sample Fungi Bacteria

Aspergillus niger

Fusarium  Penicillium chrysogenum  Alternaria alternata

Bacillus sp.  Pseudomonas aeruginosa

PET (martor) — — —
PET-3Au 0.5 0.5 0.5
PET-5Au 2 2 2

0.5 0.5 0.5
2 2 2

No inhibition zone.

PET-5Au samples was significantly higher, the bacteria being
killed under the same experimental conditions, proving that
Au loading on the surface is an effective strategy. The results
confirm that the resistance to the bacteria may be based on
the interaction of the components, groups present on the sur-
face, the ions AuO-, AuNps, and O- groups which increase
the ability to form the hydrogen bonds and finally to determi-
nate the results of the antimicrobial (Table 3) and antifungal
activities which are present in Figure 8. Thus, the biological
activity can be explained based on the structure of the films
modified with Au nanoparticles: the gold is immobilized by
physical bounds only at the surface of the polymer in a thin
layer (not in whole material), due to the presence of the func-
tionalities after plasma treatment. In this particular case, we
expect to have migration of gold into the medium. It is
known that the nanoparticles when nonagglomerated are
toxic to gram-negative bacteria. Bactericidal effects were
due inducing from the NPs and the antimicrobial activity,
which means that the influences that affect the bacterial
and fungi integrity are the major causes of bacterial death.
Indeed, there is kept a remarkable capacity to determinate

the NP-generated oxidative stress, induced from certain
groups containing metal migrate from the surfaces of the
polymeric films.

The attachment and the extent mechanisms of the cells
on the polymer surface are directed by a combination of
physical and chemical factors that arise from the adsorption
process of nanoparticles. Besides, cell-surface attachment is
controlled by surface characteristics like charge chemistry,
the degree of hydrophobicity, roughness, the specific geome-
try (macro, micro, and nano), and the free energy. The
plasma treatment leads to the appearance of oxygen-rich
polar groups which caused the reorientations on the surface.
Compared with the untreated PET, the treated samples
showed an increase of the hydrophilicity and roughness of
the surface, for both PET-3Au and PET-5Au. In general, an
increase in biocompatibility can be attributed to the increase
of surface polarity and to the presence of oxygen-rich groups,
as well as to an increase in its roughness [55]. On the other
hand, long treatment duration indicates a surface contrapro-
ductive for cell adhesion and proliferation. An excessive
number of new functional groups introduced to the surface
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PET-5Au

FIGURE 8: Antimicrobial activity of AuNPs for 1 day (a, b, ¢) and 7 days (d, e, f).

induces a decrease in the number of adhered cells [56, 57] as
oxidative stress. It is known that the fact that a strongly
hydrophilic surface, for example, does not adsorb proteins
from the blood, while a strongly hydrophobic one preferen-
tially binds albumin, due to its high concentration in blood
[58]. According to other studies, the number of cells appears
to be invariant regardless of the material and the roughness
value, and that cell adhesion mechanisms are not influenced
by the roughness of biomaterial surface, below a critical value
of about 11-13 ym [59]. This surface roughness could be in
this case a negligible effect on the fibroblast adhesion process
at the surface [60]. The effect of surface roughness on cell
adhesion has been evaluated by other researchers [61-63].
The amount of nanoparticles bound to the modified surface
depends not only on the plasma treatment parameters but
also on the type of the grafted nanoparticles. Metal nanopar-
ticles (Ag, Au, Pt, and Pd) were synthesized by PVD tech-
nique into glycerol, but from the cytotoxicity point of view
AuNPs may be considered as most cell-friendly [63]. For
the particle with 16 nm size (similar size as in our case), these
researchers found a similar trend for the cell adhesion and
spreading. In our case, the biocompatibility tests indicated a
value of 100% for cell population on pristine PET, 81.9%
for PET-3Au, and 85.07% for PET-5Au. The cell adhesion
in our case is dependent on the critical concentration value
at the polymer surface and on the size of nanoparticles. For
the sample PET-3Au, the small amount of adhered cells can
be explained by the combined effect of surface oxidative
stress and roughness. For PET-5Au sample, it seems that oxi-
dative stress and cytotoxicity do not influence cell adhesion
as much as it does influence the amount of nanoparticles,
showing an increase in the cell population.

4. Conclusions

The main goal of this paper was to perform a study con-
cerning the efficiency of the plasma treatment in anchoring
Au particles on polymeric support in terms of obtaining
antimicrobial and antifungal surface properties. Different
chemical and morphological characterization revealed the
changes in surface properties which were correlated with
further antimicrobial and antifungal properties. The surface
energy of studied samples plays an important role in cell
adhesion: more fibroblasts can adhere and spread widely
on the more hydrophilic polymer surface.

The method proved to be facile and nontoxic for epi-
thelial cells. The screening results indicate that the two ana-
lyzed samples, PET-3Au and PET-5Au, have good
antibacterial and antifungal activity, and sample PET-5Au
has a 2mm inhibition area and for PET-3Au sample of
0.5mm. The results confirm the resistance to the bacteria
may be based on the interaction of the groups present on
the surface (the ions AuO-, AuNps, and O- groups) which
increases the ability to form the hydrogen bonds and finally
to determinate the results of the antimicrobial activities.
Thus, the biological activity can be explained by taking in
consideration the structure of the films modified with Au
nanoparticles. Those properties are useful for many bio-
medical applications, including biosensors in direct contact
with the skin.
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