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Abstract

Noble metals in their diverse nanoforms bring revolution to many fields of science and
technology, as they provide unique properties over their bulk counterparts. Thanks to
these completely unprecedented properties, commercial sphere pressure is growing to
use them in everyday life. Unfortunately, one of the issues that are subject to dramatic
changes is the reactivity of these structures. This may have often fatal consequences to the
living organisms. Due to the fact that the mechanism of action of metal nanostructures
on living organisms is not yet fully elucidated even in the case of the most studied noble
metals such as gold and silver, it is necessary to continue intensively in their research,
characterization and categorization. The main prerequisite for the undistorted study of
interactions of nanostructures with living organisms is the use of suitable methods of their
preparation. Within this context, this chapter attempts to summarize current knowledge
form the field of synthesis of metal nanoparticles, layers, wires, and other nanostructures,
especially regarding novel techniques of their preparation and extend them by our own
results in this area, in the context of their biological properties. More specifically, anti-
bacterial efficacy and potential cytotoxicity of those structures are thoroughly addressed.

Keywords: nanoparticles, nanowires, nanolayers, antibacterials, cytotoxicity, sputtering,
noble metals

1. Introduction

This chapter is devoted to the very contemporary themes of polymer nano-metallization, the pro-
cess giving the polymers exceptional properties in biological applications, namely the bactericidal

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.



312

Noble and Precious Metals - Properties, Nanoscale Effects and Applications

action while preserving sufficiently low cytotoxicity level [1-8], as well as to novel techniques
for metal nanoparticle (NP) synthesis providing antibacterial, cell-conform entities [9, 10]. So far
many efforts has been spent to synthesize the next generation antimicrobial materials applicable
in the health-care industry in response to increasing resistance of the pathogens to conventional
antibiotics [9-12]. A lot of strategies have been developed to produce those sophisticated man-
made materials which hinders their single-key classification. Here, we chose a categorization
based on the way of metal incorporation into/on polymer matrix. From this point of view, one can
primarily consider the form in which the both components enter the preparation process to form
metal-polymer composite. Therefore the composites may be classified into (i) in-situ synthesized
[13-17]; both polymer and metal are present in reaction chamber in which both components form
from their precursors in chemical reaction. Within this protocol, silver nanoparticles have been
synthesized in starch-based hydrogels consisting of dissolved N-vinyl pyrrolidone, acrylamide,
or acrylic acid dispersed in water. Final polymerization was accomplished by gamma irradia-
tion [13]. Vimala et al. [15] also utilized hydrogels prepared by polymerizing acrylamide with
starch and cross-linking agent in the controlled reduction of trapped silver ions by NaBH,. To
eliminate toxic borohydrate, which is accompanied by hydrogen evolution, glucose and chitosan
have also been used as reducing agents for Ag ions [17]. Reducing mechanism of sugars has been
described in detail in Ref. [16]. Another group of composites form (ii) semi in-situ synthesized
materials; only one component is present in the form of precursor (metals usually precipitate in/
on the matrix polymer under the chemical reaction or physical deposition [1-6, 8, 12], whereas
polymers are usually heat-treated while the finalized metal nanoparticles are mixed in Ref. [18]).
Last group forms (iii) ex-situ synthesized composites; both components enter the preparation
process until their complete synthesis [4, 19, 20]. The latter mentioned approach generally cov-
ers the processes such as grafting, embedding, chemisorption, physisorption, and non-reactive
implantation.

In the following text, we attempt to summarize current knowledge form the field of metal
nanoparticles, layers, wires, and other nanostructures, especially regarding to novel tech-
niques of their synthesis and extend them by our own results in this area in the context of
their biological properties. More specifically, antibacterial efficacy and potential cytotoxicity
of those structures are thoroughly addressed.

2. Metal nanoparticles in liquids: preparation fundamentals

Cathode sputtering is a well-established method for the preparation of thin films. It involves
bombardment of the target of required composition with energy particles that causes the atoms
to be ejected from the target material. These atoms gradually settle on the substrate, where they
form a thin layer. Since the whole process takes place under reduced pressure, only solid sub-
strates have been used for a long time. It was not until 1996, when Gao-xiang. et al. [21] tried
to prepare a thin layer on a liquid medium by sputtering process. Silicone oil has been chosen
as a substrate and it was found that to produce a thin film on this oil is needed to use a power
of more than 30 watts. At lower power levels, the layer did not develop and a nanoparticles
(NPs) solution was formed instead. Unfortunately, these NPs were not characterized because
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the research focused solely on the preparation of the layers [21]. Since then, the research in
this area has divided on two streams. The first focuses on the preparation of metallic layers
on liquid substrates with their potential use in lunar telescopes [22]. The second one is dealing
with the preparation of NPs. The advantage of this method is the ability to prepare NPs with-
out the use of reducing agents and other surfactants. The resulting system typically consists
of only two components (1) the liquid substrate used and the (2) nanoparticles formed. As a
liquid substrate, any liquid with a sufficiently low vapor pressure can be selected. However,
especially for the preparation of NPs, it is desirable that such liquids have the ability to stabi-
lize forming NPs sufficiently. For this reason, ionic [23] or macromolecular [24] fluids are most
often chosen. Even a low-molecular glycerol [10] has been documented.

Ionic liquids meet these requirements very well. These liquids consist of an organic cation
and an inorganic or organic anion, typically with the melting point below 100°C. The main
advantages of ionic liquids is almost zero vapor pressure (e.g. [Bmim]PF6 at room tempera-
ture having the vapor pressure of 0.1 nPa [25]), high thermostability, large electrochemical
window (range of the voltage at which the substance may be reduced as well as oxidized),
fire resistance and in particular solvation properties [26]. For the preparation of NPs, it is also
advantageous that ionic liquids generally have a low surface tension which results in a higher
nucleation rate and thus NPs of nanometer sizes up to atomic clusters can be prepared [23].
On the other hand, liquid electrolytes are often toxic [27], which is a limiting factor for the
subsequent use of produced NPs.

For this reason, toxicologically acceptable macromolecular fluids are used, such as vegetable
oils [28], polyethylene glycols (PEG) [29] of different molecular weights and its derivatives
[4, 30]. Compared to ionic liquids, macromolecular liquids are characterized by higher vapor
pressure (e.g. 0.26 and 0.45 kPa at room temperature for castor oil and soybean oil, respec-
tively [31]) and a worse ability to stabilize NPs [24]. For PEG (and its derivatives), it is highly
advantageous to use a PEG of a specific molecular weight, since it directly determines PEG
properties, including vapor pressure, stabilization capabilities and also viscosity [32].

An exceptional position between liquid substrates used to prepare NPs by sputtering has
glycerol [10]. Compared to previously described substrates, glycerol is naturally biocompat-
ible because it is a fat component in the form of its esters. Another undisputed advantage
of glycerol is its frequent use in the cosmetics and soap industries, resulting in both its low
production cost and available and well-measured values of all important physicochemical
parameters. On the contrary, its disadvantage is substantially higher vapor pressure (22 mPa
at room temperature) [33].

Independently on the liquid substrate selection, NPs of different sizes were prepared by sput-
tering [24]. However, it is apparent from the present results that the resulting NP size is deter-
mined primarily by the choice of liquid media. The question, however, remains where the NP
is growing in the liquid and how the fluid is involved in this growth. In essence, only three
scenarios can occur: (i) NPs nucleation and their growth occur exclusively on the surface of
the liquid, (ii) nucleation takes place on the surface of the liquid; whereas the growth itself is
already in its volume, and (iii) the sputtered atoms have sufficient energy to penetrate into
the volume of the liquid, where both processes (nucleation and growth) take place [34]. In
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this case, the penetration depth of the sputtered atoms is the function of their kinetic energy,
which may explain the dependence of the final NP size on the deposition parameters. For
processes (i) and (ii), the parameters such as working current, voltage, pressure, etc. have only
the significance regarding liquid surface saturation velocity. Which of the above-mentioned
scenarios will occur depends, according to one part of the scientific community, on the surface
and volume composition of the liquid [28], according to others, on the viscosity of the liquid
and the vapor tension [35]. Supporters of the first theory assume that after the formation of the
nucleus at the liquid/vacuum interface, nanostructures on the surface of the liquid develop,
which then diffuse into the volume of the liquid. Here, the nanostructures are self-assembled
to the most energy-efficient structure [36]. The second theory is based on the so-called diffu-
sion length, being the maximum length in which the sputtered atoms or the formed nucleus
can move. At higher viscosities (lower diffusion lengths), these entities have smaller ability
to migrate and the resultant colloidal solution thus contains particles of smaller size and nar-
rower distribution [37].

A more detailed view into the formation mechanism of NPs was provided by Anantha et al.
[38]. They describe the process of preparing uniform NPs using a so-called shared coarsening
model. This model is based on the classical nucleation theory and crystal growth. After the
impact of the sputtered atoms on the liquid-vacuum interface (or at a short distance below the
liquid surface level), a saturated concentration is quickly reached. Atoms are homogeneously
distributed throughout the volume and spontaneous nucleation occurs once the critical con-
centration is exceeded. In the neighborhood of these nuclei, so-called exclusion zones' are
created. All sputtered atoms that hit this zone are involved in the growth of the nucleus. Since
these zones have a hemispherical shape, secondary nuclei are formed in free space between
primary exclusion zones. Subsequently, the primary nucleus grows at the expense of the sec-
ondary ones- the shared coarsening occurs. When sputtering is terminated at the time of forma-
tion of secondary nuclei, the resulting colloidal solution contains uniform NPs. With longer
sputtering periods, the particles grow further until they begin to touch each other. This results
in change of NPs shape, their agglomeration and the undesirable phenomenon of so-called
Oswald ripening takes a place.

Thus, this model considers the sputtering time as one of the most important parameters for
the preparation of uniform NPs. This is, however, in direct contradiction with a number of
studies that have found the sputtering time not essentially important with respect to size and
distribution [39]. This can be explained by the fact that the model published by Anantha et al.
[38] does not reflect changes in concentration throughout the whole volume of the liquid.
During deposition, the deposited material accumulates at the liquid-vacuum interface (or at
a small depth below the surface). Therefore it is clear, that from the very beginning of the
deposition the diffusion flow of the emerging NPs will increase, which can be characterized
by the first Fick’s law for unidirectional diffusion.

oc,
],' = _Dial (1)

"In some literature the term denuded zone instead of the exclusion zone is used.
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where |, means diffusion flux, D, diffusion coefficient, c, concentration of sputtered material,
and x direction of the flux (in this case the depth of the liquid). Diffusion coefficient in this
equation is temperature dependent variable, which can be described for spherical particles by
the Stokes-Einstein equation.

KT
D= 6xnr’ (2)

where k, is Boltzman constant, 1 viscosity of liquid medium, T temperature, and r NP radius.
Theoretically, there may be case in which the formed NPs are driven away with diffusion flux
J, leave space in the liquid-vacuum interface, where new nuclei and NPs can be formed. In this
case, the size distribution of the prepared NPs may not have been deteriorated.

Since the diffusion coefficient is a parameter which dependents also on the viscosity of the
medium and the diffusion length, it is obvious that the most important variable in the prepa-
ration of NPs by sputtering is the choice of the liquid itself and the temperature during depo-
sition process. Several groups focused on the examination of the dependence of NP size on
viscosity of used medium. From Table 1, it is apparent, that our research group [40] achieved
remarkable results. We successfully controlled the NP size in temperature range 0-20°C with
average size change 0.5 nm/°C (see Figure 1) [40]. On the other hand, above this range we
observed significant evaporation of glycerol. This evaporation influenced the mechanism of
formed NPs, resulting in the production of smaller ones. From Table 1, it is also apparent,
that most pronounced changes were observed on those substrates having a higher viscosity
dependence on the temperature. The knowledge gained from this work can be used to study
the physicochemical properties of NPs, as they declare the possibility of preparing NPs of the

Nanoparticles size [nm]

Temperature

PEG600 C smim'/BFs  PVP-Glycerine
5°C 12.8
10°C 13.1
15°C 15.6
20°C 2.73 0.75 7.2
30°C 3.70 0.70 7.8
40°C 4.67 1.34
50°C 5.55 2.30
60°C 7.40 2.76
70°C 3.24
80°C 3.61

Table 1. Dependence of nanoparticle size on temperature in different liquid media: PEG600 ionic liquid [37] C,mim"/BF,
[35] and PVP-glycerine system [40].
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Figure 1. Dynamic light scattering analysis of aqueous solutions of silver NPs prepared at different temperatures of the
liquid substrate [40].

desired size, while maintaining a constant environment containing minimal number of com-
ponents. The whole process of evaluating NPs physicochemical properties is thus simplified,
in particular, to the consideration of different environment influence. This is very advanta-
geous, for example, in the detection of potential toxicological properties of these structures.
These NP properties must be known very precisely owing to the boom of their use in broad
commercial applications and products [41].

3. Nanoparticles cytotoxicity

Currently, there can be found enormous number of scientific papers dealing with NPs toxic-
ity. Unfortunately, despite of the amount of information available, the NP toxicological prop-
erties cannot be clearly interpreted, especially the toxic doses. This applies even for the most
studied types of NPs — gold and silver ones (see reviews [42, 43]). This fact was considered
in our related study [9], addressing NPs biological properties. We used cathode sputtering
method to prepare NPs of gold (6.1 + 1.0 nm), silver (4.2 + 0.9 nm), palladium (2.5 + 0.6 nm),
and platinum (1.8 + 0.6 nm). Prepared NP suspensions were further diluted with water for
ion chromatography in a weight ratio of 1:3 (glycerol:water). This step is necessary as the iso-
tonicity of the solution is achieved (see Figure 2) and the bioassay distortion is avoided. For
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Figure 2. Dependence of tonicity on the composition of solution glycerol:water. The blue band indicates the isotonic
environment from which the glycerol:water ratio was calculated by linear regression. The orange dot indicates thus
solution enriched with silver nanoparticles.

bioassay purposes, it is also important that our NPs were stabilized electrostatically and not
sterically, in contrary to most published results of other scientific groups [44, 45], thus avoid-
ing further bioassay distortion caused by surfactants side-effects. Prepared colloidal solutions
were then subjected to various cell lines via WST-1 assay. More specifically, the NPs were
tested against A549 (human lung carcinoma cells), HaCaT (human keratinocytes), RAW 264.7
(mouse macrophages), CHO-K1 (Chinese hamster ovary), NIH 3 T3 and L929 (both mouse
embryonic fibroblasts), the cell lines commonly used to evaluate the cytotoxic potential of
pollutants [24]. The cytotoxic potential was investigated for 24, 48 and 72 h over the NPs con-
centration range of 0-6.150 mg/ml [9].

Figure 3 illustrates the results obtained for L929 cell line. The differences in absorbance values
on y-axis directly correlate with the formation of formazan, which is metabolized by via-
ble cells. In Table 2, all results are summarized in the form of the half maximal inhibitory
concentration (IC50). It obvious, that the highest toxicity was observed in case of Pt and Pd
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Figure 3. Cytotoxicity of Ag, Au, Pd, and Pt nanoparticles on L929 cells after 24, 48 , and 72 h of treatment.

nanoparticles, less for Ag and almost no toxicity for Au NPs. These results are partially con-
sistent with the findings of Asharani et al. [46], who examined the cytotoxic potential of Ag
NPs (5-25 nm), Au NPs (15-35 nm), and Pt NPs (3-10 nm) on the zebra fish embryos. In their
work, the cytotoxicity of the gold nanoparticles was not observed, and the mortality rates
for Ag NPs and Pt NPs (at concentrations of 100 mg/ml) were determined to 30 + 12.8% and
50 +9.9%, respectively. It is interesting that Ag [46] and Pt NPs [47] are generally reported as
highly cytotoxic, while Au NPs [46, 48] are usually considered as biocompatible. This incon-
sistency with the above-mentioned works can be due to both, different sizes of prepared NPs
and the preparation process itself. In referred study [46], authors used a reduction synthesis
for preparation of NPs, so the resulting colloids might contain toxic entities such as chlorine

ICso [ug'ml 1] for 72 h

Cell line
AgNPs AuNPs PdNPs PtNPs
HaCaT 2,250 1,970 1,060 1,010
Hep G2 2,075 3,900 1,425 908
CHO-K1 1,840 2,300 920 855
L929 1,710 1,900 900 770
NIH 3T3 820 1,190 425 550
RAW 267.7 1,580 1,370 880 9260

Table 2. The IC, | values for individual cell lines after 72 h of treatment with the tested nanoparticles. IC,, represents
concentration, which causes 50% reduction of cell viability measured by WST-1.
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anions, PVA, etc. Authors, despite of their attempt to transfer NPs to the aqueous solution by
centrifugation, do not declare the purity of colloid solution before the evaluation of the bio-
logical properties. Therefore, the comparison of our results with the above-mentioned work
(but also others, e.g. [42]) is rather difficult. In addition, the NP surfactants can cause a dra-
matic change in their potential toxicological behavior, which remains a challenge to most of
works dealing with such type of NPs.

4. Metal-based treatment of polymers

Nowadays, an investigation of non-conventional antibiotic treatment of polymeric medical
devices consists from various ways. One of the effective approaches is antibacterial-active bio-
compatible polymers, where their applications are gentle and safe. One can distinguish two
types of antibacterial polymers: (i) polymers which exhibit antibacterial efficacy by themselves
and/or (ii) their antibacterial properties are acquired by their controlled modification [49].

In the first case, one can converse natural or synthetic polymers and co-polymers with charged
active groups, for example, biguanides, quaternary ammonium, pyridinium, or phosphonium
salts [50-52]. The second group represents antibacterial-treated polymers, which achieved
their antibacterial activity by adding of organic and/or inorganic antibacterial agents in vari-
ous manners, such as (i) by incorporation into polymeric matrix or (ii) formation of antibac-
terial coatings on polymeric surface. Their efficacy is then two-step; their presence on the
polymeric surface ensure the reduction of initial bacterial adhesion and thereafter deactiva-
tion of already adherent bacterial colonies [53].

In recent days, all of above-mentioned ways of treatment are still developing areas, which
produce materials with excellent antimicrobial capability. However, one of the most prom-
ising areas in this regard is nanotechnology. Nanostructured noble metals, either incorpo-
rated or forming coatings, exhibit strong antibacterial activity against broad spectrum of
microorganisms, where bacterial resistance is missing [5, 54-56]. Therefore, in the further text
we are focusing our interest on a group of nanostructured noble metals, especially coating-
forming ones. This type of surface modifications of biocompatible polymers might not only
provide significant antibacterial protection, but also enhance biocompatibility of the resulting
composites.

The enhancements of material biocompatibility and antibacterial efficacy by the modification
of surface morphology have been referred in several studies [1, 5, 8, 57-59]. Generally, to
enhance the functionality of polymeric materials, the formation of nanostructured thin films
on its surface might be an effective way. Moreover, one can prepare nanostructured coatings
with increased surface area using nanolayers (thin films) as default structures, by their ther-
mally induced transformation into island-like structures. Such increase of surface area often
leads to the enhancement of resulting antibacterial response. The formation of island-like
structures by low temperature annealing of thin films has been described for silver [5], pal-
ladium [8], and gold [57]. Another way to increase the specific surface area and roughness of
antibacterial coating is laser patterning of polymeric surface prior to metal deposition, which
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leads to the formation of ordered nanowire arrays [1]. This method usually provides better
adhesion and proliferation of human cells; at least at those which prefer rougher substrates
[58]. Thus, the surface modification enables a direct control over the material biocompatibil-
ity, which might be significantly enhanced [59].

In this subsection, we present three types of metal (Ag and Pd) nanostructures; nanolayers (NLs),
islands (NIs), and wires (NWs), supported on biocompatible polymer polyethylene naphthalate
(PEN), and discus the influence of surface morphology/roughness change (unlike pristine PEN) on
their resulting biological response. Surfaces of all used materials were thoroughly characterized by
X-ray photoelectron spectroscopy (XPS), focused ion beam cut - scanning electron microscopy (FIB-
SEM), and atomic force microscopy (AFM). Thereafter, the biological testing of the samples was
accomplished. Antibacterial properties were examined using Gram-negative bacteria Escherichia
coli (E. coli) and Gram-positive Staphylococcus epidermidis (S. epidermidis), which commonly cause
hospital-acquired infections related to biofilm formation due to long-term applications of catheters
and other medical devices. Finally, cell-conformity study of all types of composites was carried out
using mouse embryonic fibroblasts (L929) as a routinely used cell line for this purpose.

4.1. Preparation of metal nanostructures

Metal (Ag and Pd) coatings on polyethylene naphthalate were prepared by DC sputtering.
For a calibration of sputtering device, sputtering times on a glass substrate, simultaneously
coated with PEN samples, varied from 10 to 200 s. Effective thicknesses of metal layers were
determined by AFM scratch method. To produce island-like structures with increased anti-
bacterial-active surface area, prepared samples were annealed in air atmosphere at 250°C for
1 h, then cooled down in air and stored under laboratory conditions. In this work, we present
samples with 20 nm thick Ag and Pd layers (sputtering time 200 s, 20°C, current of 15 mA,
total argon pressure of 5 Pa, and electrode distance of 50 mm) and corresponding annealed
ones as representatives.

The combination of polymer laser pre-treatment and metal vacuum evaporation was used
for the preparation of self-organized, fully separated Ag and Pd NW arrays of the thickness
of 20 nm. To prepare periodic nanostructures (ripples) on PEN surface, PEN samples were
treated by KrF excimer laser (6000 laser pulses, laser fluence of 10 mJ-cm™). Then, laser-pat-
terned (rippled) PEN was used as a template for Ag and Pd NW arrays (thickness of 20 nm)
prepared by vacuum evaporation under the glancing angle of ¢ =70°. The thickness of metal
NWs was monitored in-situ by quartz crystal microbalance during the vacuum evaporation
process, and verified by FIB-SEM analysis and AFM scratch test of metal simultaneously
deposited on a glass substrate.

Due to the experimental set-up of vacuum evaporation process [the glancing angle (¢) of 70°]
the formation of metal NWs took place preferably from one side of rippled PEN (for graphi-
cal representation see [1]). Mild ripples” structure is in a correlation with the glancing angle
of incidence (so-called shadow effect). The shadow effect modulates the spatial distribution
of metal flux and induces the nucleation of metal mainly near to the tops of the illuminated
ridges and NWs are formed from one side of the ripples (the highest metal flux) [60]. As the
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thickness of the metal coating of polymer increases, the agglomeration and coarsening of the
metal clusters increases until a polycrystalline array of metal NWs is formed [61]. This phe-
nomenon was verified by FIB-SEM (see Figure 4) and has already been observed also for Au
NWs arrays supported on PET [62, 63].

4.2. X-ray photoelectron spectroscopy (XPS)

For the determination of atomic concentrations of elements in metal NLs and NIs, X-ray pho-
toelectron spectroscopy (XPS) analysis was performed under the electron take-off angle of 0°
(Table 3). In case of metal NWs, the electron take-off angle was 0 and 81°, from which samples
were analyzed from both sides; left and right (Table 4, for graphical representation see [1]).
The analytical information about the chemical composition from the perpendicular direction
to the surface (0°) originates from greater depth (8-10 atomic layers), compared to the electron
take-off angle of 81°, which provides information just from 1 to 2 atomic layers [1, 64]. The
presence of C and O is given by the stoichiometry of polyethylene naphthalate, and might
be extended by the hydrocarbon impurities, which are often adsorbed on the surfaces of the
polar polymeric materials from air [65]. Detected Ag, in case of Ag-coated samples, and Pd,
in case of Pd-coated ones, comes from the process of DC sputtering (NLs, NIs) and vacuum
evaporation (NWs).

The results for metal NLs and NIs (Table 3) indicated that annealing of pristine PEN caused
no significant changes in chemical composition of polymer. Due to diffusion and aggrega-
tion of metal during annealing, detected concentrations of metal for annealed Ag (Ag NIs/
PEN) and Pd (Pd NIs/PEN) samples were lower, compared to as-sputtered ones (both, Ag and
Pd NLs/PEN). However, observed decrease was at the expense of the concentrations of ele-
ments originating from the underlying polymer, where underlying polymer become partially
uncovered. In the light of the results of surface ablation (XPS) and metal release (ICP-MS) [1],
however, we attribute these compositional changes not only to the coalescence of metal into
separate NIs, but also to embedding of these clusters into the polymer interior. This ultrathin
(ones of nm) surface incorporation was probably caused by polymer overlay reaching almost
the tops of individual metal islands (so-called “curtain” effect, for graphical representation

SEM HV: 10.0 kV LYRA3 TESCAN] SEM HV: 10.0 kV LYRA3 TESCAN

View field: 3.00 pm View field: 3.00 um | 500 nm

Figure 4. FIB-SEM images of (a) silver and (b) palladium NW arrays supported on laser-patterned PEN.
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Sample Atomic concentrations of elements (at. %)
C ) Ag Pd
pristine PEN 722 27.8 - -
annealed PEN 73.1 26.9 - -
Ag NLs/PEN 584 12.0 29.6 -
AgNIs/PEN 615 30.1 8.4 -
Pd NLs/PEN 735 1.2 - 253
Pd NIs/PEN 656 18.3 - 16.1

Table 3. Atomic concentrations of C(1s), O(1s), Ag(3d), and Pd (3d) for both, pristine and rippled PEN, Ag and Pd/PEN
composites measured by XPS, electron take-off angle of 0°.

see [8]). The relatively high value of the atomic concentration of O for the annealed sample

coated by Ag (Ag NIs/PEN) could be explained by higher propensity of this sample to oxida-
tion during annealing.

The results for metal NWs are shown in Table 4. Unlike the work of Tuma et al. [66], in which
a two-step deposition of silver was performed and a dramatic increase of at.% of Ag from the

Angle (°) Sample Atomic concentrations of elements (at. %)

C ) Ag Pd
pristine PEN 72.2 27.8 - -
fippled PEN 74.4 256 - -

0
Ag NWs/PEN 67.7 12.9 194 -
Pd NWs/PEN 80.2 134 - 6.4
pristine PEN 73.0 27.0 - -
rippled PEN 79.3 20.7 - -
81 left
Ag NWs/PEN 63.1 12.1 24.8 -
Pd NWs/PEN 62.1 12.0 - 25.9
pristine PEN 73.1 26.9 - -
rippled PEN 79.5 20.5 - -
81 right
Ag NWs/PEN 75.9 15.5 8.6 -
Pd NWs/PEN 74.4 16.6 - 2.0

Table 4. Atomic concentrations of C(1s), O(1s), Ag(3d), and Pd(3d) for both, pristine and rippled PEN, Ag and Pd NWs/
PEN samples measured by XPS; electron take-off angle of 0 and 81° from left and right side of samples.
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right side after the second deposition for Ag nanostructures on laser-patterned poly(methyl)
methacrylate was observed (18.7% from the right, left 8%), in this work, one-step deposition of
metal (Ag or Pd) was used. The results revealed higher values of the atomic concentrations of
both, Ag and Pd, from the left side (24.8% from the left, right 8.6% in case of Ag, 25.9 and 9.0%
for Pd, respectively). The difference between our and Tumas’ results, however, originates
only from the rotation of samples during the analysis. The results for the electron take-off
angle of 81° from the left and right side for the individual samples of pristine and laser-pat-
terned PEN, showed undistinguishable differences in the atomic concentrations of elements.
However, the measurements of metal/polymer composites under the same electron take-off
angle revealed above-mentioned significant differences in the concentrations of metal, in case
of both, Ag and Pd samples, which verified well the formation of NWs only from the one side
of the ripples, which is in well accordance with above-mentioned shadow effect. The different
results observed between the samples of pristine and laser-patterned PEN, particularly evi-
dent for the electron take-off angle of 81° (both left and right arrangement), were given by the
change in the chemical-compositional arrangement caused by the exposure of a laser beam,
which is associated with the change of the samples” surface morphology, evident from atomic
force microscopy (AFM) images (see Figure 6).

4.3. Atomic force microscopy (AFM)

Because the surface morphology of material has a great impact to its biocompatibility, AFM
analysis was employed, too (see Figures 5 and 6). The surface morphology of the samples was
characterized by surface roughness (R ) measurements and three-dimensional AFM scans.
Figure 5 shows metal NLs and NIs/PEN composites, Figure 6 metal NWs/PEN composites.

In Figure 5, one can see that the surfaces of pristine PEN and as-sputtered samples (both
Ag and Pd NLs) were mildly corrugated with practically the same value of surface rough-
ness. No significant morphology changes were observed after annealing of pristine poly-
mer. However, one can see a remarkable change of the surface morphology of metal-coated
samples after annealing (see differences between Ag and Pd NLs/PEN and Ag and Pd NIs/
PEN); the annealing caused a complete rearrangement of the surface. Thermal accumulation
in metal coating resulted in changes in the amorphous phase of PEN (T ™ = 120°C). As the
metal coating become rough, noticeable increase of R appears; cca two orders of magnitude
higher compared to as-sputtered ones (NLs). After the annealing, one can observe the trans-
formation of continuous metal coatings into isolated nanoislands homogeneously distributed
over the PEN surface in case of both, Ag and Pd NIs samples. This phenomenon is in accor-
dance with the results of XPS measurements (see Table 3); the values of atomic concentrations
of metal (both, Ag and Pd) after annealing were decreased at the expense of C and O originat-
ing from PEN. Moreover, size and shape of metal NIs might be effectively controlled by the
thickness of coating preceding the annealing process [8]. As mentioned above, the formation
of island-like structures should lead to the increase of antibacterial-active surface area, result-
ing in enhanced antibacterial efficacy [5, 8, 57]. However, in this case, annealing resulted in
above described “curtain” effect; partial covering of metal nanoislands by thin PEN layer (see
Section 4.2. XPS). Based on these results, one can expect rather lower antibacterial efficacy
than in case of NLs.
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annealed PEN

Ag Nis / PEN

Pd NLs / PEN Pd Nis /PEN

Figure 5. AFM images of PEN, both before (pristine) and after (annealed) annealing, Ag and Pd/PEN composites,
together with their surface roughness (R ).

The results of AFM analysis of metal NWs samples, both Ag and Pd (Figure 6) corresponds to
FIB-SEM ones (see Figure 4), however, FIB-SEM analysis, by which, for example, the distribution
and shape of nanowires might be evaluated, is more informative; AFM scans cannot provide the
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- pristine PEN rippled PEN

Figure 6. AFM images of PEN, both before (pristine) and after (rippled) laser patterning, Ag and Pd/PEN composites,
together with their surface roughnesses (R ), periodicities (A), and heights (h).

imaging of fully separated metal NWs. Using FIB cuts, one can observe the interface between a
polymeric substrate (PEN) and metal (see Figure 4(a) and (b) for Ag and Pd NWs, respectively)
and, in case of the analysis of the samples having various thicknesses of NWs, as in the work of
Siegel et al. [62], it is also possible to distinguish significant differences between the prepared
structures. Surface modification of polymer, such as laser patterning discussed in this paragraph,
enables a direct control over the material biocompatibility; significantly increases the adhesion
and proliferation of human cells on artificial substrates, and the resulting biocompatibility of
material might be effectively enhanced [59]. One of the most important parameter of surface mor-
phology, which has a great impact on the biocompatibility of material, is its surface roughness,
which also plays an important role in its resulting antibacterial effects. For example, nanoscale
surface roughness was effective to reduce plaque colonization on titanium implants [67]. Thus,
the increase of biocompatibility and antibacterial effects of nanometal/polymer composites by
laser patterning gives a convenient combination of materials” properties for their applications
in medicine and health-care industry. Regarding to this, we summarized surface morphology
and roughness (R ) of all prepared samples, including the parameters such as periodicity (/)
and height (/) of nanostructures in case of ripples and wires. Figure 6 shows self-organized and
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well-separated periodic ripples homogenously distributed over the PEN surface. The value of
R, was considerably increased after laser patterning (4.4 nm for PEN and 9.9 nm for PEN rip-
ples). There were no significant differences observed after metal deposition (9.2 nm for Ag and
9.9 nm for Pd, respectively). The values of periodicity and height of Ag NWs/PEN (/A =215.3 nm,
h=36.9 nm) and Pd NWs/PEN samples (/A =217.8 nm, h = 34.8 nm) were mildly decreased com-
pared to patterned PEN (PEN ripples) sample (A = 224.0 nm, h = 37.4 nm), which was probably
caused by a partial filling of the ripples by metal during vacuum evaporation process.

4.4. Antibacterial properties

Antibacterial effects of the samples related to control ones (physiological solution) are shown
in Figure 7 for metal NLs and NIs/PEN composites and in Figure 8 for NWs/PEN composites,
both Ag and Pd, in which two environmental bacterial strains (a) Gram-negative E. coli and
(b) Gram-positive S. epidermidis were studied. The samples were examined in both, static and
dynamic (shaking at 130 rpm) mode at 24°C (E. coli) and 37°C (S. epidermidis) for 3 and 24 h
of incubation by the drop plate method [68]. After overnight incubation on agar plates, the
number of colony forming units (CFU) of each strain was counted. The experiments were
accomplished under sterile conditions.

In Figure 7, generally, one can see no antibacterial effects of pristine and annealed PEN,
except insignificant effect in case of annealed sample cultivated for 3 h in dynamic mode with
E. coli (Figure 7(a)). This phenomenon which might due to rougher surface morphology of
this sample (see Figure 5 AFM), which, together with shaking in dynamic mode, might cause
this mild inconformity for bacterial colonies in short period of time (3 h) during which they
accustom to surrounding environment [69]. Thereafter, one can observe generally increas-
ing antibacterial effects with incubation time for all composites and treatment conditions,
which is in correlation with (i) increasing concentration of released metals into physiological
solution with time and (ii) longer contact of bacterial strains with the surface of antibacterial-
active-coated samples, both Ag and Pd. For details, see ICP-MS results [8]. When comparing
the results of NLs and NIs coatings in case of both metals, one can reveal that metal NLs/PEN
samples exhibited similar or higher antibacterial response than NIs ones, which is in accor-
dance with XPS results (see Table 3) and data published elsewhere [8], which attributed this
behavior to so-called “curtain” effect; metal islands partially covered by thin polymer film.
Thus, in the case of PEN, the change of surface morphology induced by annealing did not
lead to increased antibacterial activity. When compared to the results for Ag and Pd samples,
more significant antibacterial efficacy was observed for Pd ones, in case of both, NLs and NIs/
PEN composites. It outlines that Pd nanostructures might be used as more effective alterna-
tive of the most commonly used Ag [70-72] for antibacterial coating of medical devices. The
differences between the results in Figure 7(a) and (b) showed that S. epidermidis (Figure 7(b))
was more sensitive to both metals compared to E. coli (Figure 7(a)); the most striking is a total
inhibition (no countable amount of CFU) in both modes and incubation times for Pd samples,
both NLs and NIs. These different results for different bacterial strains might be explained
by generally accepted phenomenon about different composition of their cell walls; positively
charged particles of noble metals then more facile penetrate through the cell walls of Gram-
positive bacteria (S. epidermidis) [73].
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Figure 7. Relative antibacterial effect; number of CFU for examined sample divided by number of CFU for control
sample (physiological solution) of the bacterial colonies of (a) E. coli and (b) S. epidermidis for both, pristine and annealed
PEN, Ag and Pd/PEN composites measured in static and dynamic mode. Pink line represents a reference level (number
of CFU in physiological solution) for corresponding bacterial strains together with its uncertainty (dash line).

The results for pristine and rippled PEN, Ag NWs/PEN and Pd equivalents are in Figure 8.
One can see that pristine and rippled PEN were not antibacterial-active in all conditions.
The exception is rippled PEN in dynamic mode after 24 h of cultivation of S. epidermidis
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Figure 8. Relative antibacterial effect; number of CFU for examined sample divided by number of CFU for control sample
(physiological solution) of the bacterial colonies of (a) E. coli and (b) S. epidermidis for both, pristine and rippled PEN, Ag
and Pd NWs/PEN samples measured in static and dynamic mode. Pink line represents a reference level (number of CFU
in physiological solution) for corresponding bacterial strains together with its uncertainty (dash line).

(Figure 8(b)). Mild antibacterial effect (ca. 30% of control sample) might be a consequence
of higher sensitivity of Gram-positive bacteria to physicochemical and surface properties of
a materials, with which they are in a contact, such as hydrophilicity/hydrophobicity, surface
charge, presence of some functional groups, and, as in this case, surface morphology and
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roughness (see Figure 6, AFM) [74, 75]. Antibacterial effect of Ag NWs/PEN and Pd ones
samples increase with incubation time in both bacterial strains and both modes. Unlike E. coli
(Figure 8(a)), these samples even exhibited total inhibition (no countable CFUs) after both, 3
and 24 h of incubation of S. epidermidis in dynamic conditions (Figure 8(b)). The difference
between the results of E. coli and S. epidermidis might be explained by above-mentioned differ-
ent composition of their cell walls; positively charged particles of noble metals then more fac-
ile penetrate through the cell walls of Gram-positive bacteria (S. epidermidis) [73]. The samples
of Ag and Pd NWs showed comparable antibacterial effects between themselves in case of
both bacterial strains, incubation times and modes, which well corresponds with presumed
use of Pd NWs as an alternative of the most commonly used Ag in its medical applications as
a strongly effective antibacterial agent (antibacterial coatings of catheters and other medical
devices) [70-72].

4.5. Cell viability tests

Because the increase of the surface roughness of material (see Figures 5 and 6 AFM) can, in
some cases, lead to its enhanced biocompatibility (adhesion and proliferation of human cells
[58, 59]), this paragraph is dedicated to cell viability testing of prepared Ag and Pd composites.
Cell viability results for NLs and NIs structures are shown in Figure 9, for NWs in Figure 10.

[ pristine PEN
B annealed PEN

B ~Ag NLs/PEN
[ Ag NIs/PEN
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B Pd Nis/PEN
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Figure 9. Relative viability; absorbance of examined sample divided by absorbance of control sample (TCPS) of the L929
model cell line for both, pristine and annealed PEN, Ag and Pd/PEN composites. Pink line represents a reference level
(absorbance of TCPS) together with its uncertainty (dash line).
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Figure 10. Relative viability; absorbance of examined sample divided by absorbance of control sample (TCPS) of the L929
model cell line for rippled PEN, and Ag and Pd NWs/PEN samples. Pink line represents a reference level (absorbance of
TCPS) together with its uncertainty (dash line).

In recent studies, one can observe the references about cytotoxicity of nanostructured metal-
based coatings of medical devices to human cells, from which Ag NWs seems to be the most
cytotoxic ones [76-78]. Therefore, data from these assays serve as well for safer applications
of nanometal/polymer composites in medicine and health-care industry in terms of their cyto-
toxicity. In following, relative viability of mouse embryonic fibroblasts (L929) was studied
by WST-1 cytotoxicity assay [79, 80]. This assay is based on a reduction of tetrazolium salt,
which yields water-soluble formazan by oxidoreductases of metabolically active (viable) cells.
Formazan is then spectrophotometrically measured at 450 nm. The measured absorbance is
directly proportional to the amount of the arisen formazan, which corresponds to the oxidore-
ductase activity, and thus, to the number of viable cells. Model cell line was cultivated for 24,
48 and 72 h, and acquired absorbance value for examined samples was divided by absorbance
value for control sample (standard tissue culture polystyrene, TCPS).

Figure 9 shows the results for pristine and annealed PEN, NLs and NIs/PEN composites, both
Ag and Pd. One can see that cell viability on PEN substrate was not changed by annealing
and was comparable with control sample (TCPS) after longer cultivation times (48 and 72 h) in
case of both, pristine and annealed equivalent. Insignificant decrease of relative cell viability
of these samples, as well as the samples of NLs and NIs, both Ag and Pd, after 24 h, is con-
nected with worse adaptation of cell culture after its deployment on the surfaces of the sam-
ples; TCPS is a material with optimized properties for in vitro cultivation of eukaryotic cells,
and therefore, is frequently used as a “gold” cultivation standard [81]. Generally, one can
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observe low cytotoxicity of all samples (NLs and NIs ones), where the cell viability on NLs
samples (Ag and Pd) was superior. Interestingly, cell viability after longer cultivation times
(48 and 72 h) on NLs samples was comparable regardless of the metal used. The same results
were observed on NIs; both metals were comparably safe for cells. More significant cytotoxic-
ity of annealed samples (Ag and Pd NIs/PEN) compared to as-sputtered ones (NLs/PEN) was
presumably caused by high sensitivity of L929 cell line to rougher surfaces [69], rather than by
cytotoxic action of metals; the results of XPS analysis (see Table 3) and other results published
elsewhere [8] revealed partial covering of metal NIs by thin polymer layer, which decreased
the amount of the metals available for cytotoxic action. To sum up, the increase of surface area
and roughness in our case (see Figure 5 AFM) did not led to the enhanced biocompatibility
of the samples.

Cell viability results as obtained for pristine and rippled PEN, Ag and Pd NWs/PEN samples
are shown in Figure 10. After all cultivation times, pristine PEN was not find to be cytotoxic.
However, rippled one showed mild cytotoxicity after 24 and 48 h of cultivation of 1929 cell
line (ca. 15% of TCPS), which disappeared after 72 h. Since L929 cell line is characterized
by high sensitivity to rougher surfaces [69], accordingly to previous case of NIs samples, it
indicates that the cytotoxic effects were caused by more difficult adaptation and fixation of
L929 onto rippled surface of PEN. Cytotoxicity testing confirms significant cytotoxic effects of
Ag NWs, reported in a literature [76-78], which was, in the case of ours, determined to more
than 50% of TCPS and increased with cultivation time. On the other hand, no cytotoxicity
was detected for Pd NWs, in case of all cultivation times. Therefore, these samples could be
a safer alternative to Ag NWs ones. Alike in previous case, increased surface area and rough-
ness; induced now by laser patterning and subsequent metal deposition, did not resulted in
improved biocompatibility.

5. Conclusions

We have shown that cathode sputtering can be used to prepare NPs of the desired size, which
are suitable for subsequent study of their physicochemical properties, since the resulting sys-
tem is usually composed of only two components; the NPs and the liquid medium used. In
particular, sputtering into glycerol is advantageous for detecting of NPs biological properties
without the need to consider the surfactant interaction. Results obtained in those systems can
be used not only for qualitative research, for example, whether the NPs cytotoxicity is due
to ROS induction or dissolution, but also for quantitative determination of toxic dose values.

This chapter also attempted to give comprehensive overview on various kinds of antibac-
terial-active nanostructured metal coatings of biocompatible PEN potentially applicable in
medical devices. Various nanostructures such as NLs, NIs, and NWs were considered and
their biological, antibacterial properties and cytotoxic efficacy were broadly discussed. The
most commonly used metal in medical and health-care applications (nanostructured Ag) was
confronted with Pd. It was found that the increase of surface roughness led to decrease of
antibacterial effects of all nanostructured metal/PEN composites; particularly due to so-called
“curtain “ effect in case of NIs ones and biocompatibility, due to relatively high sensitivity
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of used L1929 cell line to rougher surfaces. The metal-coated samples forming NLs and NIs
structures exhibited insignificant cytotoxic effects; taking into account the extent of action,
which were presumably caused by increased surface roughness of the samples, rather than
by cytotoxic action of nanostructured metal. Generally, the lowest cytotoxicity was found
for metal NLs/PEN composites, both Ag and Pd at the same level. The higher antibacterial
efficacy of Pd ones, however, predetermines them as a more suitable alternative in medical
and health-care applications. Regarding to results of antibacterial and cytotoxicity tests, in
case of laser-patterned samples, it turned out that both Ag and Pd NWs/PEN composites have
the appropriate antibacterial properties. However, only Pd ones fulfill the condition of cells’
safety, which makes them suitable candidates for the use as antibacterial coatings of medi-
cal devices instead of Ag. The potential applications of Ag NWs in medicine and health-care
industry are found to be limited and their contact with living tissues, for example, the treat-
ment of medical devices, should be minimized.
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