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Abstract Poly(ethylene terephthalate) (PET) films
were surface-modified according to microwave plasma
activation allowing for dithiol functions grafting (1,6-
hexanedithiol) in order to fabricate self-assembled
photogenerated silver nanoparticles monolayers. The
present study was carried out in constant discharge
power conditions and the impact of the plasma
treatment on PET wettability properties were re-
ported. PET material modifications were characterized
at various stages of the process: plasma activation,
dithiol functionalization, and nanosilver grafting
according to several experimental techniques: water
contact angle measurements and X-ray photoelectron
spectroscopy (XPS). The surface topography was
studied by atomic force microscopy (AFM). Finally,
antibacterial properties of PET material including
silver nanoparticles were evaluated to determine the
probability to reduce the surface bacterial adhesion of
Staphylococcus aureus strain selected as pathogenic
bacteria model. Surface grafted with silver nanoparti-
cles was found to be particularly reactive and led to an
inhibition of S. aureus adhesion around 96.2% in
comparison with the unmodified PET material.
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Introduction

Due to its low cost, thermal stability, surface inertness,
and excellent moisture resistance, poly(ethylene
terephthalate) (PET) material constitutes one of the
most commonly-used plastics in the world.'” In fact,
PET plastic is frequently used in the food industry,
where it is mainly employed as containers for various
food and fluids, such as mineral water bottles.*>
Similarly, PET constitutes one of the most common
polymers used for medical fields. In fact, PET is
massively used as blood compatible biomaterial
because of its excellent mechanical properties, trans-
parency, and relatively good biocompatibility.®®

For biomedical applications, potential bacterial
contaminations of medical devices when the materials
are implanted in the human body, resulting from the
interaction between the substrate and pathogenic
bacteria, constitute a life-threatening complication
leading each year to significant patient mortality and
morbidity.”'” As a consequence, over the last few
years, an important number of studies have reported
new strategies for the enhancement of antibacterial
properties of pol}lmer according to surface modifica-
tion procedures.' "™

In fact, literature reported three major strategies for
the development of surfaces with antibacterial activi-
ties: 1) bacteriostatic surfaces with the ability to inhibit
the bacterial growth; (2) antiadhesive surfaces through
the reduction in the adhesion between bacteria and the
surface; and (3) bactericidal or biocide surfaces able to
kill attached bacteria on the surface.
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Plasma treatment has been shown to be an
extremely attractive method to modify the surface
properties of polymeric materials through surface
functionalization, ensurlng the development of
antibacterial materials.'*'®

An easy technique to give highly effective antibac-
terial properties to material consists in the immobi-
lization of biocide species, such as silver nanoparticles,
on the surface of the considered material.'”® Indeed,
silver nanoparticles have found numerous applications
in biological, medical or pharmaceutical fields.”’~"
Currently, nanosilver particles are considered as an
alternative to classical antibiotics developed by phar-
maceutical companies against Gram-positive and
Gram-negative pathogenic bacteria and seem to have
a high potential to solve the problem of the emergence
of bacterial multidrug resistance.”* The antimicro-
bial mechanism of silver nanoparticles is not yet clearly
understood; literature suggests a combination of mul-
tiple effects on microorganisms. Silver nanoparticles
would affect the mitochondrial respiratory chain,
causing ROS generation and affecting the production
of ATP, which subse(iuently leads to DNA damage,
resulting in cell death.

The present paper concerns the development of PET
material presenting antibacterial activity. Thus, in order
to give antibacterial properties to PET substrates,
material is activated through microwave plasma dis-
charge pretreatment and subsequently grafted with
dithiol components (1,6-hexandithiol) to introduce
reactive thiol species on surface. The second step
consists in the immobilization of nanosilver particles
according to a UV sustainable process to fabricate
robust self-assembled monolayers of thiol/biocide
nanosilver material for antibacterial goals.

Effect of the plasma treatment on the wettability
characteristics of the activated material is studied
according to several experimental techniques. The
composition and chemical structure of PET substrate
and its change with surface modifications are examined
by X-ray photoelectron spectroscopy (XPS), while
water contact angle measurements study the change in
hydrophilicity. Additionally, the surface roughness of
the plasma treated films is evaluated by atomic force
microscopy measurements (AFM).

Staphylococcus aureus has been selected as patho-
genic bacteria model to evaluate antibacterial properties
of PET material immobilized with silver nanoparticles
to reduce surface bacterial adhesion. In fact, Staphylo-
coccus aureus constitutes one of the major causes of
bacterial contamination and transmission of health care
associated infections acquired in hospital. Thereby,
Staphylococcus aureus microorganisms cause a large
range of infections from mild, such as skin infections and
food poisoning, to life-threatening, such as pneumoma
sepsis, osteomyelitis, and infectious endocarditis.*® This
class of pathogens is particularly dangerous because it
produces important toxins causing unique disease enti-
ties such as toxic-shock syndrome and staphylococcal
scarlet fever, and has acquired resistance to practically
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all classical antibiotics.”’~® In this way bacterial adhe-
sion of Staphylococcus aureus on modified PET material
is evaluated and compared with the activity of the
untreated PET material.

Experimental part
General materials

Bi-orientated PET films Melinex OD with a thickness
of 125 um were kindly provided by DuPont Teijin ﬁlms
(Fig. 1). PET films were cut into pieces of 1 x 2 cm?.
1,6-Hexanedithiol (HDT, 96.0%, Fig. 1), AgNO;
(> 99.0%), N-methyldiethanolamine (MDEA, > 99%,
Fig. 1), anthraquinone (AQ, 97.0%, Fig. 1), ethyl
acetate (99.8%), petroleum ether (35-60 °C), dry
dichloromethane, and acetonitrile (99.8%) were pur-
chased from Aldrich and used without any purification.
Water purified with a Milli-Q system (Millipore) was
used for all experiments. The principal products used
in the present work are represented in Fig. 1.

PET-plasma modification and thiol
Jfunctionalization

Bi-oriented PET was modified using microwave argon/
oxygen discharge plasma at a discharge power of
800 W during 30 s. All modified films were treated at
constant discharge power and treatment time condi-
tions. PET materials treated with microwave plasma
are immediately dlpped overnight in solutlon of 1,6-
hexanedithiol (HDT) in methanol (10~ M). Then,
films were removed from the HDT solution and
massively washed three times on methanol baths to
remove HDT residual. Finally, films were dried under
vacuum overnight at room temperature.

In situ photogeneration of silver nanoparticles

Thiolated films were immersed for 2 h in a mixing
solutlon of acetonitrile contalnmg anthraquinone (AQ,
104 M) AgNO; (6 x 10°°M), and MDEA
(6 x 1072 M). Then, films were removed from the
AgNO;3 solutlon and irradiated with an intensity of 7
mW cm™ for 15 s. After irradiation, films were inten-
sively rinsed with acetonitrile and methanol, and dried
under vacuum overnight.

Antibacterial activity assessment

Gram-positive strain used in this study was Staphylo-
coccus aureus (CIP4.83, Pasteur Institute Collection).
Bacterial strains were stored in glycerol 15% at
— 80 °C. Adhesion tests were performed with cells in
the early stationary growth phase, DOsgony of 1.5
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Fig. 1: Materials used in the study

(approx1mately 10° Colony Forming Unit per mL
[CFU.mL™']). Strains were cultivated in LB medium
(Lennox L: 1% Bacto-Tryptone, 05% Bacto-Yeast
Extract, 1% NaCl, NaOH [3 x 10~° M]) at 37 °C).

Bacterial adhesion tests

Bacterial adhesion tests were performed by sedimenta-
tion. Cells in early stationary phase of growth were
harvested and washed three times by centrifugation at
6000 g for 10 min at 4 °C and re-suspended in a PBS
buffer (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,,
1.76 mM KH,PO,, pH 7.4). Cells were adjusted to
DOgoonm = 0.8 and concentration was verified by enu-
meration of cultivable cell on LB plates (LB with agar
15%). Ten milliliters of cell suspension were allowed to
adhere for 3 h at 37 °C for Staphylococcus aureus to
substrate samples, modified PET-surfaces, and un-
treated PET-surfaces as controls in 55 mm in diameter
Petri dishes. After 3 h, nonadherent or weakly attached
cells were removed by six successive rinsing of substrate
samples in PBS. Adherent cells were detached by
ultrasonic treatment on ice for 17.5 s at 33% duty cycle
and maximum output (4) using a microprobe on a
Branson model 450. These parameters were previously
established®” and used for environmental samples.*’ The
number of viable and cultivable bacteria was determined
by enumeration of cultivable cell on LB plates. Each
experiment was conducted three times. The percentage
of bacterial adhesion inhibition was estimated by the
comparison of the CFU obtained in modified PET-
surfaces with untreated PET-surfaces (considered as
100%) and calculated as follows:

%bacterial adhesion = 100
_ CFUunreated PET — CFUodified PET

CI:"[jUntreated PET
x 100

Equipment and characterization
Plasma reactor

The experimental apparatus consists of a3 cm diameter
and 90 cm high quartz cylinder fixed on top of a post-
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discharge chamber (stainless steel cylinder, 5 cm diam-
eter, 30 om height). This reactor has been described
carlier.*! In the post-discharge chamber, the substrate
holder was fixed 1 cm from the end of the quartz
cylinder. The plasma was generated using a Surfaguide
reactor excitatory fed from opposite sides by two
microwave (MW) sources at 2.45 GHz. The argon and
oxygen flux were controlled by mass flow meters.
Experimental COIldlthIlS were the following: pressure
fixed at 6 x 102 mBar, argon flux regulated at 500 scc/
min and O, flux at 200 scc/min; generator was set at
power of 800 W. Films were exposed to plasma for 30 s.

UV irradiation

Silver nanoparticles photogeneration was achieved
using UVA Cube 100 apparatus (Dr Honle, Hg lamp,
15's, 7.0 mW cm 2, Miinchen, Germany).

Contact angle measurements

Contact angle measurements were carried out by the
Young-Laplace method using a DS100 Kriiss
goniometer with high purity water (Millipore, milli-
Q). Water contact angle was measured within 10 s of
placing the drop (3 uL) on the surface, an average of
three measurements per surface was reported.

Atomic force microscopy (AFM) measurements

Atomic force microscopy measurements were con-
ducted by tapping mode topography and phase imaging
using di Innova AFM (Briiker) with NanoDrive v8.02
software. Tapping mode images were acquired using
silicon tips from Nanosensors (PPPNCSTR) with a
resonance frequency ranging between 76 and 263 kHz.
Image processing was performed using WSxM soft-
ware.*” RMS indicates root-mean-square roughness of
obtained at focusing window of 2 pm x 2 pm.

X-ray photoelectron spectroscopy (XPS)
measurements

X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a K-Alpha spectrometer
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from ThermoFisher, equipped with a monochromated
X-ray Source (Al Ka, 1486.6 eV). For all measure-
ments, a spot size of 400 mm was employed. The
hemispherical analyzer was operated in CAE (Con-
stant Analyzer Energy) mode, with pass energy of
200 eV and a step of 1 eV for the acquisition of surveys
spectra, and pass energy of 50 eV and a step of 0.1 eV
for the acquisition of high resolution spectra. A “dual
beam” flood gun was used to neutralize the charge
build-up. Spectra obtained were treated by means of
the ‘““Avantage” software provided by ThermoFisher.
A Shirley type background subtraction was used and
the peak areas were normalized using the Scofield
sensitivity factors in the calculation of elemental
compositions. All binding energies were referenced
to Cls neutral carbon peak at 284.8 eV.

Results and discussion

The present work was focused on the development of
PET material with antibacterial activity. Antimicrobial
properties of the elaborated coatings were given by the
immobilization of biocide silver nanoparticles onto
PET surface. Silver nanoparticles immobilization was
achieved by chemically modifying PET surface by a
preliminary microwave plasma treatment in order to
enhance the surface adhesion performances (STEP 1,
Scheme 1). Plasma treatment was followed by an
immediate dipping of the reactive film on a solution of
1,6-hexanedithiol solution in methanol (STEP 2,
Scheme 1), in order to provide thiol groups covalently
linked to the substrate. Finally, silver nanoparticles
were simultaneously photogenerated and self-assem-
bled with thiol species covering PET surface (STEP 3,
Scheme 1).

Preliminary study: effect of plasma treatment
Plasma treatment was used to improve the wettability

of the PET material. O,/Ar plasma treatment process
was achieved by placing PET film in the microwave

generated plasma chamber and bombarded with ion-
ized gas in a vacuum environment. Water contact angle
measurements were performed at surface of the
activated PET film, in order to characterize the
efficiency of the applied plasma treatment. Figure 2
presents the variation of the water contact angles with
time after 30 s of plasma treatment. All contact angle
measurements were compared with the untreated PET
material film.

Untreated PET material presents a relatively
hydrophobic character with an associated water con-
tact angle around 80° (Fig. 2). Subsequently to plasma
treatment, more specifically immediately after plasma
process, PET water contact angle value drastically
decreases (Fig. 2). Thus, hydrophilicity of PET surface
is improved by plasma treatment, which confirms the
suitability of plasma conditions selected. By monitor-
ing water contact angle variation with time following
plasma treatment, it can be observed that hydrophilic-
ity character of the activated PET surface decreases
with time. Measured only 30 min after plasma process,
PET water contact angle increases again around 70°
(Fig. 2), getting closer to initial PET value (80°, Fig. 2).
The improvement of the hydrophilicity of the surface
through the plasma treatment is the consequence of
the generation of hydrophilic functional groups (C-0,
C=0, (C 2 -0, etc.), and other reactive ions and
electrons.*~* This phenomenon is clearly visualized in
Table 1 describing the elemental composition of
untreated PET versus plasma treated PET (PET-
plasma). In fact, plasma process leads to an increase
in the oxygen elemental concentration determined by
XPS analysis. In comparison with the untreated PET
substrate, a higher O/C elemental surface concentra-
tion ratio is observed (0.49 versus 0.38, respectively, for
the PET-plasma and the untreated PET) which is
correlated with the production of hydrophilic species
on the top of the surface through plasma treatment.
Unfortunately, at long term, the hydrophilicity of the
activated surface fades due to recombination process
of radical species and electron-ions (Fig. 2).

These results suggest that the best wettability
performances are obtained immediately after plasma

Actlve species

Plasma treament

-&ﬁ-

Dithiol grafting

R
m—  PET

Photoinduced silver
nonoparticles
generation

Scheme 1: Strategy employed for the immobilization of silver nanoparticles onto PET-surfaces
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Fig. 2: Water contact angles variation with time after
plasma treatment (plasma conditions: gas O,/Ar, 800 W,
30 s)

Table 1: Elemental composition (%) of untreated PET,
PET-plasma, PET-plasma-SH, and PET-plasma-SH-Ag
substrates

Sample C(1s) O(1s) S (2p) Ag(3d)
Untreated PET 72.0 28.0 - -
PET-plasma 67.0 33.0 - -
PET-plasma-SH 70.4 28.9 0.7 -
PET-plasma-SH-Ag 715 27.5 0.3 0.7

process. Thus these operating conditions were chosen
for the grafting of thiol species (HDT) followed by
silver nanoparticles immobilization onto PET sub-
strate.

Thiol grafting on plasma treated PET

Plasma treatment leads to a hydrophilic surface suit-
able for thiol binding. Immediately after plasma
treatment, activated PET film is dipped in a solution
of 1,6-hexanedithiol (HDT) in methanol. After film
washing and drying under vacuum, water contact angle
was measured. Thiol grafting leads to an increase in the
associated water contact angle value, while maintain-
ing a hydrophilic behavior to the surface (Table 2). In
fact, water contact angle increases from 23° for the
plasma treated PET surface to 46° for the same PET
film grafted with thiol functions (PET-plasma-SH).
Similar results have been reported for the grafting of
cysteamine through plasma treated PET-surfaces.*’
This result reflects a combination of two effects: the
aging of the plasma treated surface due to a rearrange-
ment of created polar groups onto PET surface
combined with the grafting of hydrophilic thiol groups
from HDT moiety.

Surface topography and roughness may play an
important role on the process of thiol grating. Thus,
roughness and morphology of untreated PET, PET-
plasma treated, and PET-plasma-SH substrates were
examined by AFM technique (Fig. 3).

Untreated PET surface is relatively smooth with a
root-mean-square (RMS) roughness around 1.7 nm
(untreated PET, Fig. 3a) with some defects due to the
manufacturing. After plasma treatment, PET sub-
strates becomes rougher with a RMS value of 3.1 nm
due to abrasive plasma process allowing to adhesion
properties enhancement. Subsequently, through the
dipping of the previous plasma treated film in HDT
solution, a reinforcement of the surface roughness
(RMS = 9.5 nm, Fig. 3c) is observed. Based on these
results, it can be concluded that both, plasma treatment
and HDT grafting, have an important impact on the
surface roughness and morphology of treated PET-
surfaces.

To confirm the success of grafting of HDT molecules
onto PET-plasma surface, XPS measurements were
carried out; the results are shown on Fig. 4 and Table 1.

Subsequently to plasma treatment, a signal at
binding energy value around 168 eV corresponding to
sulfur S2p contribution is clearly observed in the XPS
survey (Fig. 4a) with an atomic ratio around 0.7%
(Table 1). S2p signal associated to PET-plasma-SH
(Fig. 4b) shows a doublet centered at 163 eV and
168 eV. First peak corresponds to the presence of a S—
C and S-H bonds,”” while peak at higher binding
energy corresponds to S—O bonds*® confirming the
HDT grafting on the plasma activated PET surface.

Silver nanoparticles immobilization

Surface anchoring thiol species can constitute an
effective platform for silver nanoparticles immobiliza-
tion via Ag-S bond formation.*’ Only few studies
describe nanosilver immobilization onto organic poly-
mer surfaces.” % Actually, literature classically re-
ports the attachment of silver nanoparticles on various
inorganic surfaces.’>* In the present work, thiols
grafted on PET surface are employed to covalently
link silver nanoparticles simultaneously generated
according to a photoinduced reduction process. Pho-
toinduced reduction method presents several advan-
tages in terms of green technique requiring low energy,
no excess of reducing agent or solvent, combined with
a control of the morphology and size of the generated
nanoparticles.”® To this end, PET-plasma-SH sub-
strates are incubated in a solution of AgNO3;/MDEA
(reducing agent)/AQ (photosensitizer) in acetonitrile,
then briefly UV irradiated. In comparison with the only
plasma treated PET, water contact angle measured
after nanosilver immobilization shows an enhancement
of the hydrophobic behavior of the film with a value
around 69° (Table 2). Similar results have been
described for immobilization of silver nanoparticles

1399



J. Coat. Technol. Res., 20 (4) 1395-1405, 2023

Table 2: Water contact angles after each step of the treatment: (a) Untreated PET, (b) PET-plasma, (c) PET-plasma-

SH, and (d) PET-plasma-SH-Ag

(a) (b)

-

(c)

(d)

L

80°+2 23°13

46°1 69°13

on polysulfone ultra filtration membrane via poly-
dopamine (PDA) deposition and in situ reduction in
silver ammonia aqueous solution.’” This result may be
partly due to a rough surface of PET-plasma-SH-Ag
film, as confirmed by the observation of the surface
AFM images associated to the film. Indeed, the
existence of some small granular-type structures that
may reveal the deposition of silver nanoparticles, is
observed on the film (Fig. 3d) combined with an
increasing of the surface roughness with a RMS value
of 15.3 nm.

XPS analysis clearly confirms the immobilization of
silver nanoparticles onto PET surface with the appari-
tion of silver atoms in the XPS survey (binding
energies of Ag3ds, and Ag3ds;, at 374 eV and
368 eV, respectively). The splitting of the 3d doublet
of Ag is about 6.0 eV, proving the formation of
metallic Ag NP (Ag’) with an atomic ratio around
0.7% (Fig. 4c and Table 1) onto PET surface.’®>’

Antibacterial activity

Literature reports that silver nanoparticles constitute a
nonspecific antibacterial agent against a wide range of
pathogenic microorganisms.”'=>°=°% " Staphylococcus
aureus belongs to the Gram-positive bacterium
grouped with Bacillus Subtilis on the basis of ribosomal
RNA sequences.”’ Figure 4 presents the antibacterial
activities associated with PET-plasma-SH and PET-
plasma-SH-Ag substrates compared to the untreated
PET acting as control experiment.

Interestingly, in comparison with the untreated PET
material, antibacterial tests evaluated against Staphy-
lococcus aureus (CIP4.83, Pasteur Institute Collection)
exhibit a greater cell attachment through thiol grafting
(PET-plasma-SH, Fig. 5). The initial number of bacte-
rial cells was 1.8 x 10° CFU/cm? (untreated PET,
Fig. 5a) and a number of resultant colonies counted
after 3 h of incubation increased with a concentration
of 2.2 x 10° CFU/cm? corresponding to an increasing
of the bacterial adhesion around 20% (Fig. 5b). Similar
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results have been reported for hyper branched thiol-
functionalized stainless steel substrates.®® It has been
demonstrated that free thiol groups positively affect
cell behavior via enhancing the surface potential of the
scaffolds and providing additional adhesion sites for
the cells.®*-°

On the other hand, surface roughness could consti-
tute also an important factor influencing bacterial
adhesion. In fact, subsequently to thiol grafting an
increasing of the surface roughness is observed (Fig. 4
c). It is well known that the irregularities of polymeric
surfaces promote bacterial adhesion, rough surfaces
have a greater surface area and the depressions in the
roughened surface provide more favorable sites for
bacterial colonization.**

The introduction of silver nanoparticles into PET-
based material leads to a drastic inhibition of the
bacterial adhesion against Staphylococcus aureus
strain. Indeed, PET-plasma-SH-Ag material presents
a residual bacterial adhesion of 3.8% (7.0 x 10* CFU/
cm?) (Fig. 5b) compared to untreated PET material.

These results clearly indicate that the incorporation
of silver nanoparticles onto PET-plasma-SH platform
constitutes an efficient method for substantially
enhancing the antibacterial activity of classical PET
material, and thus preventing the proliferation of
bacteria on material surfaces.

Conclusions

PET substrates were successfully modified by O,/Ar
microwave plasma discharge to activate polymer
material in order to ensure the anchoring of reactive
thiol functions onto PET surface. Thus, thiol coating
has been efficiently used to immobilize silver nanopar-
ticles according to an in situ photoinduced process.
Lastly, PET material incorporated with nanosilver
showed significant inhibition of adhesion against Sta-
phylococcus aureus compared to unmodified PET
substrate. In fact, in comparison with the untreated
PET, hybrid PET material exhibited an inhibition of
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<«Fig. 3: AFM topographic images and corresponding cross  adhesion against Staphylococcus aureus around 96.2%.
sections associated to: a Untreated PET, b PET-plasma,  Thjis inhibition results from two combined effects, the
c PET-plasma-SH, and d PET-plasma-SH-Ag substrates.  hiohly biocide performances of nanosilver species
Value of the surface root-mean-square (RMS) roughness ;. ,ciated with developing a rough PET surface which
is presented for all samples is inappropriate for bacterial adhesion.
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Fig. 4: a XPS survey of untreated PET, PET-plasma, PET-plasma-SH, and PET-plasma-SH-Ag substrates; b XPS spectra of

S2p core-level of PET-plasma-SH; ¢ XPS spectra of Ag3d core-level PET-plasma-SH-Ag PET sample. A small N1s peak at
400 eV, assigned to an adventitious contamination during XPS experiments, was observed

(a) (b)

2.6+ 120+
2.4 4
2.24 1004
2.0
181 Sy
£ 7 S
S 1.4 @
242 £ 60
x <] g
> 1.0 T
5 0.8 o 407
[$]
0.6 @
0.4 20+
0.2
0.0 04
Untreated PET PET-plasma-SH PET-plasma-SH-Ag PET-plasma-SH PET-plasma-SH-Ag

Fig. 5: a Comparison of antiadhesive activity against Staphylococcus aureus of untreated PET, PET-plasma-SH, and PET-
plasma-SH-Ag substrates; b Percentage of resulting bacterial adhesion of PET-plasma-SH and PET-plasma-SH-Ag
materials against Staphylococcus aureus compared to untreated PET acting as control experiment
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Finally, the strategy presented in this work consti-

tutes an easy and environmentally friendly approach to
prepare polyester polymers with antibacterial activities
for biomedical or biological applications, to solve the
problems of bacterial contaminations.
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