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Abstract: Here, we aimed at the preparation of an antibacterial surface on a flexible polydimethyl-
siloxane substrate. The polydimethylsiloxane surface was sputtered with silver, deposited with
carbon, heat treated and exposed to excimer laser, and the combinations of these steps were studied.
Our main aim was to find the combination of techniques applicable both against Gram-positive and
Gram-negative bacteria. The surface morphology of the structures was determined by atomic force
microscopy and scanning electron microscopy. Changes in surface chemistry were conducted by
application of X-ray photoelectron spectroscopy and energy dispersive spectroscopy. The changes
in surface wettability were characterized by surface free energy determination. The heat treatment
was also applied to selected samples to study the influence of the process on layer stability and
formation of PDMS-Ag or PDMS-C-Ag composite layer. Plasmon resonance effect was determined
for as-sputtered and heat-treated Ag on polydimethylsiloxane. The heating of such structures may
induce formation of a pattern with a surface plasmon resonance effect, which may also significantly
affect the antibacterial activity. We have implemented sputtering of the carbon base layer in combi-
nation with excimer laser exposure of PDMS/C/Ag to modify its properties. We have confirmed
that deposition of primary carbon layer on PDMS, followed by sputtering of silver combined with
subsequent heat treatment and activation of such surface with excimer laser, led to the formation of a
surface with strong antibacterial properties against two bacterial strains of S. epidermidis and E. coli.

Keywords: carbon; excimer laser; antibacterial properties; silver nanoclusters; plasmon resonance;
nanostructure

1. Introduction

Any material with particle dimensions ranging from 1 to 100 nm in at least one dimen-
sion can be marked as a nanomaterial. According to the shape of nanomaterials, they are di-
vided into three groups: 0D (nanoparticles, fullerenes, etc.), 1D (nanotubes, nanofibers, etc.),
and 2D (nanolayers, e.g., graphene) [1]. Nanomaterials have recently gained great popu-
larity since they exhibit significantly distinct properties from their macroscopic forms [2],
which is caused by their higher surface-to-volume ratio. For the macroscopic forms of mate-
rials, we can omit the effect of surface atoms interacting with the surrounding environment,
but this does not hold for nanomaterials. As a result, nanomaterials have different mechan-
ical properties, such as strength, toughness, or elasticity. Moreover, they also often exhibit
different electrical and thermal conductivities [3-5]. An important nanomaterial from
carbon is graphene, where the atoms are connected in one plane into a honeycomb shape,
thus forming a planar structure with a width of one atom [6,7]. Graphene is considered
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as the thinnest material in the world [7,8]. It is a relatively new material, first synthe-
sized in 2004 [7-10]. It is remarkable mainly due to its electronic properties. Electrons in
graphene interact with the periodic potential of the structure, leading to the formation of
new quasiparticles. Graphene applications have a large potential in numerous fields, such
as electronics and medicine [8,11,12].

As aforementioned, nanomaterials offer many advantages over their classical macro-
scopic forms. They also suffer from certain disadvantages such as the lack of stability and
the tendency to aggregate. These limitations can, however, be solved by the preparation of
a composite formed by nanoparticles and a polymer matrix [13]. Such composites consist
of two or more phases that substantially differ in their properties. They usually consist
of a matrix (continuous part) and reinforcement. The reinforcement should improve the
mechanical properties of the matrix and, therefore, tends to have a higher modulus of elas-
ticity, strength, etc. [14]. The properties of the composite are significantly improved, rather
than just the sum of the properties of the individual components [15]. Reinforcements are
of two types: fibers or particles [15,16]. Due to excellent thermal and chemical stabilities
and good dielectric properties, polydimethylsiloxane (PDMS) is widely used in the auto-
motive industry as a sealant or seal; it can also be found in radiators, engine covers, valves,
etc. [17]. Since PDMS is resistant to oxidation, it can be also utilized in metal coatings to
prevent corrosion and fouling [18]. Further, high PDMS hydrophobicity is commonly used
in waterproof materials, for self-cleaning, and as an antifreeze [19]. Moreover, owing to
PDMS biocompatibility and inertness, it can be also applied for soft tissue implants or heart
valve replacements [20]. This material can be also used in the production of contact lenses
intended to treat permanent corneal damage. Human epithelial cells grow well on PDMS
materials, and therefore can be inoculated directly onto the polymer components, thus,
speeding up the treatment [21]. PDMS can be also found in soft tissues in the manufacture
of nanorobots [22], and in combination with nanoparticles.

Precious metal nanoparticles (especially gold, silver, and platinum) are widely used in
various industries due to their unique properties. It is important to note that nanoparticle
properties depend on their shape (whether spherical or with edges) and their size [23].
They can be used as catalysts, photocatalysts, or sensors [24]. Gold nanoparticles are very
stable, non-reactive, and biocompatible. Gold forms strong bonds with thiol groups, which
enables the binding of specific thermosensitive proteins to the carrier surface, and their use
as drug carriers. Due to the proteins, a controlled drug release occurs upon temperature
changes [25,26]. A similar principle can be used when binding pH-sensitive molecules
are used in the same manner [27]. On the contrary, silver nanoparticles have excellent
bactericidal properties, as a result of which they are used in food storage containers, socks,
sportswear, water purification filters, etc. [28]. Silver nanoparticles can also be used to
treat dental diseases. Due to the still-growing bacterial resistance to existing antibiotics,
silver nanoparticles could partially replace them. Nevertheless, the high cytotoxicity of
silver nanoparticles in mammalian cells also represents a significant problem, especially for
medical applications.

The noble metals have also been studied in the form of thin films, where metal de-
position may occur at higher amounts or with long-term use, resulting in skin breakage
or discoloration [29]. Applications of thin metal films to solid substrates are being in-
vestigated, since unique materials can be created. There have been various techniques,
such as Langmuir-Blodgett (preparation of single-molecule layers), lithographic methods,
sputtering, or pulsed laser deposition (PLD) [30]. The sputtering method is popular for
applying a wide range of coatings. Chemical approaches for preparation and application
of activated silver clusters have been studied in [31]. Thus, wear- or corrosion-resistant
layers or specific optical or electrical properties can be prepared [32]. This is advantageous
mainly due to the uniform application of metal on the substrate, but is also relatively fast
and environmentally friendly; everything is carried out at laboratory temperatures and is
suitable for several types of polymeric materials [33]. Bacteria occur either as planktonic,
i.e,, living as separate units, or they form a biofilm. The biofilm consists of immobile cells
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that are trapped in a matrix of organic origin. Bacteria found in the biofilm typically do
not perform Brownian motion and have a spongy shape. To create a biofilm, two key
ingredients are necessary: bacteria and a substrate.

If there is a shortage of water in the environment, bacterial mobility, as well as nutrient
availability, decreases. In such conditions, planktonic bacteria do not survive, unless
they create a biofilm, which can be beneficial for bacteria in many ways. For instance,
in a biofilm, bacteria can be protected from antibiotics, disinfectants, or rapid changes in
environmental conditions. Moreover, bacteria in the biofilm can communicate with the
matrix and thus promptly regulate gene expression, which enables their fast adaptation
to different conditions [34]. Different bacterial adhesion can be observed, for example, to
materials with different charges. Most bacteria have a negative charge, so they prefer to
stick to a positively charged surface. However, there are cationic groups that, in turn, have
a bactericidal effect. In static systems, a barrier from dead cells is formed on the surface,
and new bacteria do not tend to adhere to the material [35]. This also depends on the
surface wettability. Hydrophilic materials can resist bacterial adhesion, while hydrophobic
materials are frequently colonized. In terms of roughness, rougher materials have a larger
surface area and are more suitable for bacterial colonization, while reduced roughness may
positively influence antibacterial properties [36].

In this study, we focused on the preparation of silver nanostructures on a flexible PDMS
substrate. The heat treatment was further applied to study the influence of the process on
layer stability and properties. The surface plasmon resonance effect was determined for
an as-sputtered and heat-treated system. Based on our previous research, we have also
implemented the sputtering of the carbon base layer in combination with excimer laser
exposure. The main novelty of this paper is based on application of carbon base layer
followed by silver nanolayer sputtering on PDMS, which in combination with subsequent
heat treatment and high energy excimer exposure led to the formation of a surface with
strong antibacterial properties against both Gram-positive and Gram-negative bacteria.
Even if the antibacterial effect of Ag is well known, we believe that such an approach may
contribute to this field of research.

2. Materials and Methods
2.1. Materials

In this study, polydimethylsiloxane (PDMS, with a density of 1.5 g-cm~3) in the form
of 50 um thick sheets (supplied by Goodfellow, Ltd., Huntingdon, UK) was used as a
substrate for the performed experiments.

The carbon layers were deposited using an SDC 050 Carbon Thread Evaporation
Device by the flash evaporation process, using a carbon fiber (Leica). The carbon filament
was degassed at a current of 1.5 A (pressure 4 Pa). The polymer substrate was at a distance
of 5 cm from the carbon fiber. Corresponding thicknesses of C layers were determined on a
quartz glass substrate with a scratch method and were with an atomic force microscope.
The distance of 5 cm represents the thickness of 8.1 £ 0.7 nm.

Sputtering of thin Ag layers on the surfaces of pristine PDMS and PDMS with a C
layer was performed using the Quorum Q300T ES with cathode sputtering. Different
sputtering times of 50, 100, 200, 300, 400, and 1000 s and sputtering current of 10, 20, 40,
and 80 mA were used. A set of samples was prepared to determine the thicknesses (20 nm)
of the sputtered thin Ag layers using the scratch test method on Si substrate. A silver target
(with a purity of 99.999%, purchased from Safina, Vestec, The Czech Republic) was used
to prepare the nanolayers. Thermal treatment of pristine and silver-coated polymer was
performed at the upper working temperature of PDMS, i.e., 285 °C, for 1 h in a Binder
oven with a thermostat. Teflon foil was added as a primary substrate. Teflon was chosen
since it withstands the chosen high temperature and, at the same time, it is non-stickable.
Therefore, it prevented the PDMS foils from adhering to the glass surface of Petri dishes,
which occurred at such high temperatures. The annealed samples were cooled in the air at
room temperature (25 °C).
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2.2. Analytical Methods

The measurement of contact angles (goniometry) was performed using a goniome-
ter Advex Instruments (Brno, Czech Republic), which was connected to the SEE System
7.1 program. A drop of distilled water and glycerol with a volume of 8 uL was added
dropwise to the sample using a Transferpette® automatic pipette (Brand, Wertheim, Ger-
many). Subsequently, the drop was photographed using 3 marked points, and the program
evaluated the line that delimits the drop and the corresponding contact angle. Finally, the
surface free energy was determined by Owens-Wendt method.

The Dimension ICON atomic force microscope (Bruker, Billerica, MA, USA) and in
ScanAsyst® mode were used to detail the surface morphology of PDMS and PDMS/Ag
films. The sharp silicon tip was mounted on a SCANASYST-AIR nitride arm with a
spring constant of 0.4 N-m~!. The measured data were then processed using NanoScope®
Analysis software, the size of the resulting images being 1 x 1 um?2. R, (surface roughness)
represents the arithmetic mean of the absolute values of the height deviations measured
from the central plane.

The morphology of the samples was also measured and analyzed by a FIB-SEM LYRA3
Tescan scanning electron microscope, for which the samples had to be pre-plated (platinum,
10 nm) to ensure their conductivity.

Surface chemistry was characterized using an Omicron Nanotechnology ESCAProbeP
X-ray photoelectron spectrometer. Monochromatic X-rays with an energy of 1486.7 eV were
used as the source. An area of 2 x 3 mm? was analyzed.

Absorption spectra were measured using a PerkinElmer instrument, Lambda 25 spec-
trometer type. The spectrometer has a wavelength range of 190-1100 nm is suitable for both
solutions and solid samples.

2.3. Antibacterial Tests

Gram-negative and Gram-positive bacterial strains of E. coli (DBM 3138) and S. epidermidis
(DBM 2124), respectively, were used for the evaluation of antibacterial activity of the
prepared materials. The bacterial strains were inoculated from agar plates into Luria—
Bertani (LB) medium and subsequently cultured overnight at 37 °C in an orbital shaker.
The optical densities of the bacterial cultures were measured at 600 nm and serially diluted.
The number of 2:10* and 4-10* of colony forming units (CFU) of E. coli and S. epidermidis,
respectively, were inoculated per 1 mL of sterile phosphate buffered-saline (PBS, pH of 7.4)
into which the test samples were immersed. The samples (same sizes for all experiments)
were then mixed gently and incubated dynamically at 24 °C for 1 and 4 h. The samples
were then gently mixed again, and 20 pL drops of each sample (3 biological replicates) were
pipetted onto LB agar plates (E. coli, S. epidermidis). The plates were then cultured at 37 °C
for 24 h, after which the number of CFUs was counted and compared with the number of
CFUs on control plates (bacteria incubated only in PBS without any samples added, at the
same time points).

3. Results
3.1. Surface Morphology: AFM and SEM Methods

Our research was aimed at the preparation of PDMS samples deposited with silver
nanolayer and/or pre-deposited with carbon, which were subsequently modified with
heat treatment or excimer laser, and to study the surface and antibacterial properties. The
PDMS films were exposed to different currents (20, 40, and 60 mA) and time (50 and 400 s)
of silver sputtering.

Figure 1 compares AFM images of PDMS films with an Ag layer sputtered at 20 mA
for 50 s before and after thermal treatment. As seen in Figure 1, the application of 285 °C
changed the morphology and surface roughness of the PDMS films. Before the heat
treatment, the samples exhibited a nanocluster-like Ag structure on the PDMS surface;
however, after 1 h in the oven, the structure diminished. This phenomenon was caused by
the set temperature, which reached values higher than the upper working temperature of
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PDMS. The thermal stress also increased the material surface roughness from 10.4 nm to
13.2 nm.

Ag 20 mA, 50 s) Ag (20 mA, 50 s)/T

- 100
80 - nm
nm 0

R,=10.4nm R,=13.2nm

Opm Opm

Figure 1. Atomic force microscopy images of PDMS samples deposited with Ag 20 mA and 50 s, and
same sample subsequently heated at 285 °C. The inspected area was 1 x 1 um?. R, represents the
average roughness in nm.

On the other hand, Figure 2 compares AFM images of samples with Ag layers sput-
tered for 400 s and different values of current: 20, 40, and 60 mA. For samples modified
at higher current (40 and 60 mA), we have observed a change in the surface structure and
an increasing roughness. When comparing samples modified at 20 mA and 60 mA, it
should be noted that the higher current created a structure induced by a more substantial
bombardment of Ag nanoparticles on the sample surface, and therefore partial “disruption”
of the Ag layer takes place (Figure 2, bottom image).

Ag (20 mA, 400 s) Ag (40 mA, 400 s)

R =99nm

a

140
80
0
-0

R == 20.6 llm Opm

Opm a

Ag (60 mA, 400 s)

200
n

0

Ra =27.2nm i

Figure 2. Atomic force microscopy images of PDMS samples deposited with Ag nanoparticles for
400 s at different currents of 20, 40, and 60 mA. The inspected area was 1 x 1 pum?. Ra represents the
average roughness in nm.

The SEM method was chosen as another method to study the surface morphology of
the prepared samples. It was decided to analyze the larger surface area of samples with
an Ag layer sputtered for 400 s at the current of 20 mA, and 20 mA followed by thermal
treatment at 285 °C, 40 mA, and 60 mA (see Figure 3). We applied the heat treatment
only for the layer with shortest deposition time, since on the basis also of our previous
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preliminary experiments in combination with carbon pre-deposition, it seemed to be “the
best” candidate from the point of surface effective area and morphology change. The
created patterns on a larger scale confirm the results from the AFM analysis. In Figure 3,
a change in the surface roughness of the unheated samples was observed, mainly due to
the deposition of a thicker Ag layer. For samples modified at 60 mA for 400 s, the change
in surface morphology was the most significant. The wrinkle-like pattern formation was
induced by the presence of a surface bilayer enhanced by silver nanoparticles. The bilayer
exhibited different parameters regarding heat conductivity, and thus, during the cooling
process, this inhomogeneity induced the pattern formation.

Ag (20 mA, 400 s)

Ag (60 mA, 400 s)

Figure 3. Scanning electron microscopy images of PDMS samples deposited with Ag for 400 s currents
of 20 mA and subsequent heating at 285 °C, 40 mA, and 60 mA. The inspected area was 10 x 10 um?.

3.2. Surface Chemistry Analysis

The changes in the chemical composition of the surface were studied using the XPS
method, which under normal conditions measures only to a depth of 10 nm [37]. As an
alternative elemental analysis, we have applied the EDS method to acquire elemental
composition data from a larger depth, since EDS analysis enables the determination up to a
depth of several hundreds of nanometers [38]. Figure 4 shows the XPS spectrum of a sample
deposited with an Ag layer at 20 mA for 200 s and a table with the atomic concentration of
Ag for samples sputtered at a current of 20 mA at different deposition times. According
to the table in Figure 4, the value of atomic concentration decreased with increasing
deposition time, which was not expected and came into conflict with the expectations.
Even though this experiment was conducted repeatedly several times, we came to similar
values and conclusions. The explanation for the change in PDMS surface composition
(Ag concentration) could be therefore related to the partial implantation of Ag atoms into
the polymer volume. Another explanation is the dramatic change in surface morphology
for high-dose samples, for which a wavy PDMS/Ag composite formation occurred, and
a not completely homogeneous distribution of Ag atoms within the nanostructure was
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therefore observed. These unexpected results implicate the use of lower sputtering doses
for PDMS metallization.

20] Name Pos. At% =
7 Cls 2850 541 .. R
Ols 5322 230 S Deposition Atomic
o Qf)d v 164 time concentration
[y ] A
e 2 [s] of Ag [%]
» 50 5.6
o
© 100 5.7
200 5.7
> 400 4.3
1000 3.6
o

- ‘ T T 711 ‘ T T 711 ‘ TTTT | TTTT ‘ TTT 1T ‘ TTTT ‘ TTTT | TTTT | TTTT | T
900 800 700 600 500 400 300 200 100 O
Binding Energy (eV)

Figure 4. XPS spectrum for a sample deposited at 20 mA for 200 s and a table with the atomic
concentration of Ag in prepared samples at a current of 20 mA with different sputtering times (50,
100, 200, 400, and 1000 s).

To partially confirm this assumption, the chemical composition was also measured by
EDS analysis, which is less surface sensitive than XPS—meaning detailed surface analysis
and analysis of lighter elements, such are oxygen and carbon. Here, we introduce the EDS
analysis results, both selected spectra and particular atomic concentrations (see Figure 5).

Ag 12.4%

Deposition Atomic
current concentration
[mA] of Ag [%]
20 1.7
40 2.2
60 25.1

Figure 5. EDS spectrum of a sample deposited at 20 mA for 400 s, unheated 20 mA and 400 (left)
and heated 20 mA and 400 (right), and a table with the atomic concentration of Ag of the prepared
samples at a sputtering time of 400 s at different currents (20, 40, and 60 mA).

The atomic proportion of Ag for the heated sample was higher than for the unheated
sample (see Figure 5). When comparing the effect of heat treatment, it is evident that there
was a greater penetration of nanoparticles into the volume of the polymer during thermal
treatment, thus the composite formation is expected. The diffusion in combination with
wrinkle pattern formation probably leads to an increase in atomic concentration of Ag, as
described for non-heated and heated sample in Figure 5. When the deposition time was
maintained and the deposition current increased, the atomic concentration of Ag increased,
as shown in the table in Figure 5. This phenomenon partially explains the results acquired
with XPS analysis, since the decrease in silver concentration was not confirmed with EDS.
We have also determined the wettability of as-sputtered and heated samples. As is obvious
from Table 1, silver sputtering leads surprisingly to a slight decrease of surface energy, and
the material is less wettable. For the thin Ag layers the heat treatment (1 h, 285 °C) leads to
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wettability decrease (50 s), or increase (Ag layer deposited 1000 s), or the changes are only
minor compared to non-heated samples.

Table 1. Surface free energy of PDMS foils deposited with Ag and current 20 mA and the same set of
samples which underwent heat treatment (285 °C, 1 h).

Deposition Time [s] 50 100 200 400 1000

)
Surface energy [m]-m™] 29.7 11.3 145 73 7.8
- as sputtered

Surface energy [m]-m~2]
sputtered + heat treated 80 130 o o 52

3.3. Optical Properties

One of the phenomena which may be observed in metal nanoparticle systems is the
effect of surface plasmon resonance, which can be confirmed by the UV-VIS absorption
technique. The shape of the absorption peak, its position, and other specific properties of
the Ag spectra depend primarily on the size of silver nanoparticles and their number [39].
The SPR effect can be observed mainly in colloidal systems but it can also be identified on
the surface of solid samples. It was found that the absorbance maximum increases with the
increasing number of Ag nanoparticles on the PDMS surface (see Figure 6). Further, it is
also obvious that the samples showed a peak of plasmon surface resonance for different
doses of Ag atoms, which was preserved also after thermal annealing; the position of the
peak is typical for Ag nanoparticles (more likely clusters in our case). The thermal treatment
of PDMS/Ag induced a slight shift of absorption maxima to larger wavelengths (20 mA /T),
and both heated and unheated samples sputtered for 1000 s exhibited a significant increase
in the absorbance peak width, which was caused by coalescence of Ag nanoparticles into
either larger agglomerates or a continuous layer.

20 mA 20 mA/T 40 mA
2.6 ——%0s 64 —50s/T
e 26 — 100 ST 3.5
—200s/T
241 000 241 —— 400s/T W\_”
— 1000 /T
4 3.0
2.2 1 2.2 —50s
—100s
2.0 2.0+ 25 —200s
® ——400s
g 1.8 e 187 § |[——10005s|
g = < ]
2 < 164 2 2.0
S 16- 3 2
Q Qo
< < 1.4- <
1.4 1 1.54
1.2 1
1.2+
1.0 1 1.0+
1.0 1
0.8 4
0.8 4 T T T T T T T T T 0.5 T T T T
300 400 500 600 700 300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Wavelength (nm)

Figure 6. UV-VIS spectrum of Ag layers on PDMS—a comparison of different deposition times at
constant current (20 and 40 mA) or with the following thermal treatment (20 mA /T).

This phenomenon is the same for all samples, except for a sample with deposition at
40 mA for 400 s, which had a lower absorbance compared to sample modified at 40 mA
for 200 s, but the peak of surface plasmon resonance was preserved. For silver nanoparti-
cles, the value of the absorption maximum in solution at wavelengths around 400 nm is
typical [39]. The position of the absorbance maxima of the measured spectra was always
at wavelengths slightly higher than 400 nm (see Table 2). According to Petit et al. [40], for
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small particles (<30 A), the position of the absorption maximum shifts, but the peak width
of the surrounding medium is also changed. When the particles interact with the matrix
only via weak interactions, there was a bathochromic shift (a redshift) and a slight broaden-
ing of the peak. On the contrary, with strong interactions, there was a hypso-chromic shift
(a blue shift) [40] and a significant peak broadening.

Table 2. Positions of absorption maxima of individual samples.

20 mA 20mA_T 40 mA
Time [s]
Amax [nm] Amax [nm] Amax [nm]
50s 448 418 424
100's 430 436 420
200s 422 450 421
400 s 432 447 406
1000 s 432 437 456

The bathochromic shift of the absorption maxima can be explained also by the influence
of the dielectric layer, where the formation of PDMS-Ag composite may have the same
effect as observed for tunable dipole surface plasmon resonances systems [41], the dielectric
constant PDMS being in the range of 2.58-2.70 [42]. Generally, a larger peak width also
indicates greater dispersion of particle sizes and shapes [43]. The curve shape can also tell
us what the shape of the nanoparticles is. Our values can assume that the particles are
spherical, as the peak shows only one absorption maximum. Figure 7 shows the spectrum
of samples with a deposition duration of 50 s and 100 s.

50s 100 s
1.4
—_— 20 mA 1.54 —
—2omwr —
1.3+ — 40 mA —10mA
1.4 m
121 1.3
(O] (0]
(&} (8]
c 1.1+ S 1.2
g g
o o
%] [%]
2 1.0 2 114
0.9 1.0
0.9
0.8
T T T T 08

T T T T T T T T T T T T T T
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 7. UV-VIS spectra of Ag layers on PDMS at different deposition times of 50 and 100 s, and
currents of 20 and 40 mA or samples with the subsequent thermal treatment (20 mA/T).

Comparing heated and unheated samples with a deposition time of 50 s (Figure 7), we
found that the unheated sample at 20 mA did not exhibit a strong plasmon peak (see black
curve on the left in Figure 7). At the same time, the absorption maximum was reached
at 448 nm. From this significant shift and shape of the curve compared to other samples
deposited at 20 mA, we suggest that this combination of current and deposition time was
not sufficient for the formation of isolated spherical nanoclusters, so even at low currents,
we saw that probably insufficiently large nanoparticles inhomogeneously distributed on
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the surface led to a change in the UV-VIS response. The curve for the same sample, only
thermally stressed, already had the characteristic shape typical for a nanoparticle system.
Therefore, upon heating, nanoparticles/nanostructures formed on the PDMS substrate. We
can also observe a sharp peak in the sample deposited at a twofold current (i.e., 40 mA),
which confirms the presence of isolated nanoparticles. From Figure 7, it is also clear that
when we deposited silver at a current of 20 mA and the time was increased to 100 s,
this combination of the deposition time and current was enough to form nanoparticles.
Regarding the absorbance of heated and unheated samples (i.e., at 20 mA), we observed a
similar value for times 50 and 100 s. However, for times of 200 and 400 s, the absorbance
increased significantly compared to unheated samples as expected (see Figure 8).

200s 400 s
2.0
204 —20mA —20mA
' —— 20 mAT — 20 MAIT,
——40mA —40mA
1.8 1
1.8
Y 1.6 g 1.6+
C c
IS IS
£ £
o o
8 14+ 3 1.4+
< <
1.2 1
1.2 4
1.0
T T T T T T T T T 1045 T T T T T T T T
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 8. UV-VIS spectrum of Ag layers on PDMS at different deposition times 200 s, 400 s, and
current of 20 and 40 mA or samples with the subsequent thermal treatment (20 mA/T).

Table 2 contains the evaluated absorption maxima and their corresponding wave-
lengths. It can be said that the absorption peak’s maxima for the heated samples were
shifted slightly towards higher wavelengths, i.e., radiation of lower energy. This trend
applies to all samples, except for samples deposited for 50 s—a combination of 20 mA and
50 s was not suitable to form sufficiently isolated large nanoparticles. It was noted that the
bathochromic shift of absorption peaks was characteristic of an increase in nanoparticles’
dimension. When heated, the particles migrated along the surface and agglomerated.
When we compare the absorption spectra of layers deposited at currents of 20 and 40 mA,
at higher currents, there was a hypso-chromatic shift of their absorption maxima. A smaller
or larger “tooth” was formed during all measurements, each time in the same area, i.e.,
around 390 nm. The position of this “step” was sample-independent, and this anomaly is
related to the UV-VIS measuring instrument.

3.4. Antibacterial Properties

Based on our previous experiments we have chosen a selection of samples for an-
tibacterial properties. Due to previous research, we have also implemented the sputtering
of the carbon base layer in combination with excimer laser exposure. The formation of
PDMS-noble metal nanocomposite and noble metal nanostructures revealed interesting
properties for SERS analysis [44]. The heating of such structures resulted in formation of
pattern which exhibited surface plasmon resonance effect [45,46], the effect which may also
influence the antibacterial results significantly. On the contrary, carbon nanolayers exhibit
interesting biocompatible properties, either in a form of isolated clusters or layers [47-49].



Nanomaterials 2022, 12, 2658

110f15

Here, the antibacterial properties were investigated on selected PDMS samples with
an Ag layer sputtered for 300 s at different currents of 10 mA (Ag 10 mA, 300 s) 40 mA
(Ag 40 mA, 300 s), and 80 mA (Ag 80 mA, 300 s). They were compared with pristine
PDMS (pristine) and PDMS samples, whereas the base layer deposited a carbon nanolayer.
Several combinations were also tested. PDMS sample was coated with carbon and Ag
layer sputtered at a current of 40 mA and deposition time of 300 s (C/Ag), the same
combination of layers subsequently heated at 285 °C for 1 h (C/Ag/T), and the heated
system followed by surface modification with a single excimer laser shot with fluence
150 mJ-cm~2 (C/Ag/T/L).

The antibacterial activity of the prepared materials was evaluated by a drop test using
two types of model strains of bacteria: Gram-negative bacteria Escherichia coli (E. coli) and
Gram-positive Staphylococcus epidermidis (S. epidermidis). The antibacterial activity was
assessed after 1 and 4 h in contact with the evaluated samples. The results in Figure 9 show
the number of colony-forming units (CFU) of S. epidermidis and E. coli grown on agar plates
inoculated by bacterial samples applied to the surface for 4 h. PDMS samples with an Ag
layer at the deposition time of 300 s and different currents of 10, 40, and 80 mA, samples
with a C/Ag layer combination, and subsequent temperature treatment or eventually
laser modification and pristine PDMS samples were tested. The prepared samples were
compared with the control (bacteria incubated in PBS).
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Figure 9. The number of colony-forming units (CFU) of S. epidermidis and E. coli grown on agar
plates inoculated with bacteria in contact with the evaluated samples for 4 h. The samples were the
following: PDMS with an Ag layer modified at the deposition time of 300 s and different currents of
10, 40, and 80 mA, samples with a C/Ag layer combination and subsequent temperature treatment or
eventually laser modification and pristine PDMS samples were tested. The prepared samples were

compared with the control.

Figure 9 shows the evaluated data of the performed antibacterial experiments. With
increasing current used, and thus the amount of Ag in the sample, a more potent antibac-
terial effect can be observed, both for E. coli and S. epidermidis. A particular antibacterial
effect has already been shown on an Ag sample (10 mA, 300 s), i.e., the sample with
the lowest current value; this sample shows the thinnest layer of silver. After 4 h, the
number of CFU decreased compared to the control. The explanation of good antibacterial
properties of pristine against S. epidermidis is that PDMS possess hydrophobic properties
which inhibited the bacteria growth. It is possible to evaluate the substantial bactericidal
effect of an Ag sample (80 mA, 300 s) for both bacterial strains. Therefore, it can be stated
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that Ag nanolayers deposited on PDMS show strong antibacterial effects against both
Gram-positive (S. epidermidis) and Gram-negative bacteria (E. coli) even when very thin
layers of Ag are applied (as discussed in the UV-VIS section). To determine and compare
the antibacterial activity, we tested the samples in a combination of C with Ag layers
subsequently modified with increased temperature and laser exposure. Promising results
against gram-positive and gram-negative bacteria were observed for silver nanocomposites
with nanoparticles prepared by bio-reduction method [50], while Ag nanoparticles were
also recently prepared by a “green” approach in eggshell powder [51].

As can be seen from Figure 9, the C/Ag sample exhibited very similar antibacterial
properties as the sample without a C layer. The reason may be the order of the deposited
layers, where the C layer was located below the Ag layer so that the bacteria competed
only with the Ag surface. However, the antibacterial activity decreased after heating the
sample (C/Ag/T) above the PDMS operating temperature. This could be due to the ability
of the penetrating Ag nanoparticles into the volume of the polymer through the C layer,
which reduced the concentration of Ag atoms on the surface. On the other hand, after
exposing the samples to the laser beam (C/Ag/T/L), a surface with great antibacterial
activity was created again for both bacterial strains. For a better idea of the inhibition
of bacterial growth on the surface of the prepared samples, images were obtained after
incubation of S. epidermidis and E. coli for 4-h incubation (see Figure 10). In the images,
samples with a sputtered Ag layer (400 s and 10 or 80 mA) are compared with a control
sample. As can be seen from Figure 10, after sputtering a thick layer of Ag (80 mA), the
bacteria did not survive on the surface.

E. coli S. epidermidis

Figure 10. Images of Petri dishes with grown colony-forming units of E. coli and S. epidermidis on
control samples in comparison to samples sputtered with Ag for 400 s at 10 and 80 mA current.

The mechanism of the antibacterial activity of nanostructured Ag has not been fully
clarified yet. However, it has been found that the mechanism consists of two synergistic
processes: direct contact of the bacterial cell with metallic Ag on the one hand, and on
the other release of Ag* ions into the surrounding medium and its subsequent interaction
with the cell, depending on the specific case that prevails. Morphology, roughness, and
hydrophilicity /hydrophobicity of the surface of the material play a major role in the direct
effect, and each of these parameters affects Gram-negative and Gram-positive bacterial
strains differently. Ag ions interact with four major components of the bacterial cell: cell
wall, plasma membrane, bacterial DNA, and proteins (e.g., specific enzymes involved in
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vital cellular processes such as the electron transport chain) [52,53]. In our case the antibac-
terial activity of E. coli is caused only by the release of Ag, which is strongly supported
by the presence of base carbon layer and subsequent exposure with excimer laser, which
seems to be a crucial step for preparation of material with “ideal” antibacterial proper-
ties. For S. epidermidis, however, a low wettability of the substrate is also an important
factor in our case. Ions cause degradation of the peptidoglycan cell wall and cell lysis
(cell death), preventing further bacterial proliferation. Subsequently, they penetrate into
the inner part of the cell where they bind on the basis of DNA. Chromosomal aberrations
caused by Ag™ are also a frequent phenomenon. In the interior of the cell, ions can further
cause mitochondrial dysfunction and ribosome denaturation, thereby inhibiting protein
synthesis and degrading the plasma membrane. This multi-stage mechanism of antibac-
terial action is a major factor that results in low bacterial resistance to Ag [52,53]. The
release rate of Ag/Ag* depends on the chemical form of Ag, particle/cluster size, surface
functionalization, and crystallinity and nature of the surrounding medium (the presence
of salts or biomolecules) [54]. A comprehensive study of antibacterial activity of colloidal
silver against Gram-negative and Gram-positive bacteria was made in [55], and the results
suggest that colloidal silver (CS) could be an effective treatment for infections caused by
MDR Gram-negative and Gram-positive bacteria.

4. Conclusions

Here, we were able to prepare silver-coated flexible polymer with a surface plas-
mon resonance effect, the optical properties of which were further enhanced by the heat
treatment procedure. By a combination of different elemental analyses (XPS and EDS
technique), we have determined that, mostly during the heat treatment process, the surface
of PDMS-Ag composite with a wrinkle-like pattern was formed, but the surface plasmon
resonance was still maintained. The primary carbon nanolayer was further sputtered as a
basic layer affecting the surface morphology for those samples which were subsequently
treated with excimer laser. Plasmon resonance effect was determined for an as-sputtered
and heat-treated Ag on polydimethylsiloxane. We have implemented sputtering of the
carbon base layer prior to Ag sputtering in combination with following excimer laser
exposure of PDMS/C/Ag structure to modify its properties, with the aim of antibacterial
improvement. We have confirmed that deposition of primary carbon layer on PDMS,
followed by sputtering of silver combined with modification of such surface with heat
treatment and excimer laser exposure, exhibited strong antibacterial properties against two
bacterial strains of S. epidermidis and E. coli.
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