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Abstrakt: Uprava povrchii polymernich materialti pomoci nizkoteplotniho plazmatu
je téma, které si ziskava rostouci pozornost, coz je dano Sirokym spektrem moznych
aplikaci. Jako ptiklad je mozné uvést upravu polymernich folii pouzivanych v
potravinaiském pramyslu, kde je mozné pomoci plazmatu vyrazné vylepsit
funkcnost téchto materidlti (napt. zlepSit moznost jejich potisku nebo zvysit jejich
bariérové vlastnosti). V ramci této disertaéni prace byly studovany dvé mozné
strategie modifikace polymert. Prvni z nich byla zaloZena na opracovani polymerii
atmosférickym plazmatem. Hlavni pozornost byla vénovéna studiu vlivu
atmosférického plazmatu na povrchové vlastnosti 8 bézné pouzivanych polymerd,
zejména na jejich chemické slozeni, morfologii a smacivost. Mimo to bylo
prokazéano, ze vystaveni polymert atmosférickému plazmatu vede ke zméné jejich
mechanickych vlastnosti, k jejich nezanedbatelnému odleptivani a v urCitych
pfipadech 1 ke zvySeni jejich biokompatibility. Druhou studovanou strategii bylo
povlakovani polymert tenkymi funkénimi nanokompozitnimi vrstvami obsahujicimi
kovové nanocastice. Byly vyvinuty povlaky s regulovatelnym antibakterialnim
ucinkem, laditelnou smacivosti 1 povlaky, které zvySuji bariérové vlastnosti
polymernich folii.
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Abstract: Processing of polymeric materials by means of non-equilibrium plasma is
a topic that reaches increasing attention, which is due to the wide range of possible

applications. As an example can be mentioned processing of polymeric foils used for



food packaging, where plasma treatment enables to improve their functional
properties (e.g. increase their printability or enhance their barrier properties). In the
frame of this PhD. thesis two different strategies suitable for the modification of
polymeric materials were followed. The first one was based on treatment of polymers
by atmospheric plasma. The main attention was devoted to the investigation of
influence of atmospheric pressure plasma on surface properties of 8 commonly used
polymers, namely on their chemical composition, morphology and wettability. In
addition, it was observed that plasma treatment causes also alteration of their
mechanical properties, may lead to their substantial etching and in some cases
improves their biocompatibility. The second studied strategy was based on coating of
polymers with thin functional nanocomposite films based on metal nanoparticles.
Coatings with controllable antibacterial character, tailor-made wettability or with
improved barrier properties were developed.
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Objectives of the Doctoral Thesis This

This work is focused on modification of surfaces of polymeric materials by

two ways:

1) dielectric barrier discharge (DBD) treatment at atmospheric pressure in

ambient air;

2) deposition of functional thin films.

The first part of this thesis represents a completely new scientific topic at the
Department of Macromolecular Physics. The aim was to develop, test and optimize
process of surface modification of common polymers by means of dielectric barrier
discharge. Detail investigation of influence of atmospheric pressure air plasma on 8
selected polymers was performed with intention to elucidate changes in their surface
properties (wettability, surface energy, morphology, chemical composition,
mechanical and bioadhesive properties) induced by the plasma treatment. In addition,
the etching rates of polymers by DBD plasma were determined in order to

understand etching of more complex pathogenic microorganisms.

The second part of this thesis is dedicated to the development of thin functional
coatings and their characterization by various techniques. The main attention was
paid to the preparation of silver-based nanocomposite coatings with tunable
antibacterial activity. Besides this, coatings with tailorable wettability as well as

barrier thin films were also studied.
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1 Introduction

1.1 Plastic materials: brief history and current state-of-the-art

It is very difficult to imagine a modern life without plastics, i.e. materials that use
man-made polymers. Plastic as a material surrounds us everywhere and represents an
integral part of today’s world. Over the last decade, worldwide plastic production has
reached 300 million tons per year® - around 59 million tons are manufactured only in
Europe each year. Evaluation of positive extra EU-28° trade balance of plastics
manufacturing was estimated to be approximately 16.5 billion euros for year 2015.
These values continue to grow with rate of 4% annually that is associated with an

increase in public demand [1].

The first documentation on the use of polymers dates since around 1600 BC [2].
Initially, the manufacture of plastics included natural materials such as natural rubber
or caoutchouc, eggs, treated cattle corn or processed milk proteins [3]. Since the
nineteenth century natural polymers began to be replaced by synthetic ones. In the
early of twentieth century, the term ‘plastic’ for synthetic polymers was first
introduced by L.H. Beakeland during the development of Bakelite [4].

The term ‘plastic’ is derived from the Greek word ‘plastikos’, meaning ‘ability to be
formed or molded’ and refers to ability of synthetic polymers to acquire different
forms and shapes, such as for example foils, bottles, blocks, granules or fibers.
Development of synthetic polymers has led to the emergence of a variety of plastic
types, including thermoplastics, elastomers, thermosets [5], or recently even
biodegradable polymers [6]. Synthetic polymeric materials, depending on their
structure, may exhibit unique and advantageous properties (e.g. flexibility, relatively
high thermal resistance and stability, high strength-to-weight ratio, mechanical

resistance, optical transparency, stiffness or barrier properties) as compared to other

! In the text presented data were collected by PlasticEurope for year 2015.
2 Extra EU-28 refers to transactions with all countries except of Europe Union (EU)

countries, consisting of 28 Member States.



materials. Because of this fact, plastics have become widely employed in diversity of
industries in the last century, that range for instance from food packaging to flexible
electronics, or from textile industry to biomedical field. The PlasticEurope statistics
reported that the largest percentage of consumption of polymer materials is achieved
in the packaging industry that is estimated to be about 39 % of all market sectors in
2015.

Nowadays, the most demanded and utilized modern plastics are thermoplastics. This
is due to the fact that thermoplastic can be easily moulded under heating and since
they become liquid at the melting point and hard again after cooling, they can be

easily recycled.

Figure 1.1 Statistics of European plastic demand. Data were collected by the

Association of Plastics Manufacturers in Europe.

As can be seen in Figure 1.1, the most often used plastic material is polypropylene
(PP) that was discovered in 1954. PP has numerous functional advantages such as
lightness, stability, recycling ability or chemical resistance. However, apart from
these, popularity of polypropylene is also connected with its low production costs
making it widely used in many fields, e.g. in food industry, for packaging,

production of house hold items, building industry and others.



The second place on demand takes polyethylene (PE). First synthesis of
polyethylene dates back to 1933. Polyethylene materials are graded depending on
branching degree and their density. The most popular types of PE are high density
polyethylene (HDPE), medium density polyethylene (MDPE), low density
polyethylene (LDPE) and linear low-density polyethylene (LLDPE). HDPE, MDPE
and LDPE are different kinds of PE that exhibit different average density. HDPE has
density from 0.945 g*cm™ to 0.965 g*cm™ and low degree of branching. These
parameters determine the high strength of HDPE. LDPE has higher level of
branching than HDPE and lower density (around 0.930-0.935 g*cm™), so it is
weaker, but more flexible than HDPE. Both HDPE and LDPE are extensively used in

packaging industry, including production of food containers or wrapping foils.

Polyethylene terephthalate (PET) was licensed in year 1941. PET, which combines
unique properties such as lightweight, transparency and ability to prevent moisture
and gases from penetrating, is one of the worthy candidates for storing beverages and
drinking water and thus to replace glass bottles. In Europe the annual demand of PET
reaches 7% of the main applied field, which corresponds to approximately 3 million

tons of produced PET, where the largest part is used for production of bottles.

Not less significant in the history of polymers is nylon. It was invented in the 30s of
the last century and then started to be used for production of synthetic fibers in textile
industry and in military industry. Nylon is chemically and thermally resistant (the
highest melting point is 256° C), elastic, durable and has good gas barrier properties.
These properties are behind the successful use of nylon in the food field, including

for example food packaging or heat-resistant bags for ovens.

However, apart from the above-mentioned well-known plastics, other polymers are
also in demand on the market and receive an increasing interest. The first example
represents polyethylene naphthalate (PEN) that belongs to the same polyester
group as PET, but has better thermal resistance and better barrier characteristics
against oxygen, carbon dioxide or vapor transition. In spite of its higher cost, PEN is
nowadays considered as the best option for packaging of beer and carbonated
beverages. Polyether ether ketone (PEEK) and polymethyl methacrylate
(PMMA) belong to group of so-called engineering thermoplastics that are applied in

the fields that require high mechanical strength and high resistance to temperature or
3



chemical exposure (e.g. in automotive or aerospace industries). Moreover, PEEK can
be used in medicine for manufacturing of medical instruments to be capable to
withstand sterilization procedures or as substitute of metals in the case of medical
implants. PMMA is due to its properties (transparency, hardness) that are close to
the ones of conventional silica like glass also called acrylic glass. However, in
contrast to silica glass PMMA is light, unbreakable and mechanically processable

and thus represents a clear alternative to silica glass.

Finally, the great interest is recently devoted to biodegradable plastics, i.e. polymers
that can be decomposed over the time [6], [7]. This popularity is connected with
environment pollution by plastic wastes connected with intensive human
consumption. Polylactic acid (PLA) is one of the representatives of such polymers.
Biodegradable properties of PLA occur as a consequence of degradation of ester
functional groups that are under the action of hydrolysis converted into non-toxic
components. Among diversity of PLA applications are agricultural foils, food and
waste packaging, wound and skin protective coverage, drainage in stomatology and

medicine in general.

To summarize, a wide choice of polymers is available on the market. These materials
offer unique characteristics and may be use, depending on a particular application, to

replace other materials such as glasses or metals.

1.2 Modification of polymers by plasmas

Though polymeric materials have numerous advantages mentioned in the previous
chapter their use is in some cases limited by their improper surface properties. This
relates for instance to their low surface energy/wettability, which in turn causes a
poor printability or dye-uptake needed for food or beverage packaging or textile
industry, low adhesion of additional functional coatings important for instance for
printable electronics, insufficient chemical reactivity making them hard to be
functionalized by different kinds of biomolecules, or unsatisfactory biocompatibility

that is crucial for biomedical applications. In addition, common polymers often
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exhibit relatively high oxygen, carbon dioxide or water vapor permeability that may
be determinative in the case of food packages for the shelf-life of the foodstuff and
its quality. Because of this there is a clear demand on improving surface
characteristics of polymers and thus different strategies were proposed. They can be

divided into two main groups:

o Surface treatment
o Coating of polymers with thin films with desired properties

As it will be briefly discussed in the subsequent subchapters, plasma-based

techniques may be used in both cases.

1.2.1 DBD plasma treatment of polymers

There are different possible ways how to modify surface properties of polymers, such
as processes based on wet chemistry, flame treatment or biological processing [8].
Among them the surface treatment based on the use of non-equilibrium plasma
experienced an increasing interest in the last decades [9]. This is connected with the
fact that plasma-based methods are in general time and cost effective, due to the
absence of hazardous solvents they are environmentally friendly, suitable for
treatment of temperature sensitive materials like polymers and last, but not least,
plasma treatment affects only the top most layers of treated objects and does not
compromise their bulk properties. Thanks to these characteristics plasma treatment is
highly interesting for treatment and functionalization of polymers widely used in

biomedicine or tissue engineering [10].

The common way of plasma generation is based on the application of external
electric field to a gas at reduced or atmospheric pressure [11], [12]. This field
accelerates light electrons to energies sufficient for ionization of neutral atoms and
molecules of a gas. By this way new electron-ion pairs are formed. As soon as the
production of charged species counterbalances their losses (recombination), self-
sustained plasma is ignited. Since the majority of species in laboratory plasma are

neutrals (typical level of ionization in such plasmas reaches 1 electron or ion per 10°

5



neutrals) whose temperature stays close to the room temperature such produced
plasmas are often termed low-temperature. Naturally, accelerated electrons may
cause not only ionization, but they may also excite both atoms and molecules or
dissociate molecules presented in the plasma bulk. Products of these reactions may
subsequently interact with each other that lead to formation of species originally not
presented in the working gas. As a result of this, plasma is rather complex medium
consisting of electrons, positively and negatively charged ions, radicals, neutral
particles as well as photons that are emitted during radiative de-excitation of excite
species. All of these may interact with an object that is introduced to the plasma and
alter its surface properties via various routes. In general, different processes may be
activated such as grafting (insertion of a specific functional group on the surface
through chemical bonding), activation (generation of free radicals on the surface),
film deposition (deposition of a thin layers adherent to the surface) or etching
(chemical or physical ablation of the material surface). The above mentioned
processes obviously may act simultaneously and their contribution is strongly linked
with particular process parameters (pressure, power, geometry, working gas mixture

etc.).

There are numerous options how to modify polymer surfaces using low-temperature
plasmas. In this work an atmospheric pressure air dielectric barrier discharge
(DBD) was selected as this kind of plasma enables low-cost operation compatible

with the low-cost nature of common polymers.

First DBD was ozone discharge tube developed by W.Siemens in 1857 that served as
a device for ozonizing air [13]. Initially researches were mainly dedicated to oxygen
and nitrogen oxide generation in DBDs for water treatment. Lately, further
investigations were focused on the physical processes of micro-discharges occurring
in DBDs and on their possible applications for surface modifications, oxidation of
CO; laser, pollution control [14], generation of UV-radiation [15], flat plasma

displays [16], or recently in medicine for sterilization [17].

Dielectric barrier discharges may have different configurations (both planar and
cylindrical arrangement of electrodes), but their common feature is the presence of at
least one dielectric layer, preferably glass, ceramic materials or thin polymer film,

between powered electrodes (see Figure 1.2) that limits a DC current in the inter-
6



electrode gap space and prevents thus an arc transition. Due to the presence of
dielectric barrier alternating voltage has to be applied for the plasma generation. The
usual driving voltage in DBD with discharge gap of several millimeters is around 3-
15 kV at frequencies ranging from 500 Hz to 500 kHz.

High Voltage
Electrode
. Dielectric Discharge Ga
High C% i J i
Vol?age 720 P27 727 Dpielectric Barrier
AC "\} Discharge Gap Barrier
Generator —K
Ground
Electrode
=+
Ground Electrode

Figure 1.2 DBD setups with different configurations. Adopted from [18].

As soon as the applied voltage exceeds certain value (so-called breakdown voltage),
ions and electrons are generated in the space between the electrodes and plasma is
ignited. The breakdown in a gas at atmospheric pressure leads in most of cases to the
appearance of numerous individual micro-discharges [12]. Gas composition,
pressure, dielectric material and electrode geometry influence only the properties of
micro-discharges such as filament radius, charge transfer density, etc. In contrast, the
number of micro-discharges per unit of time depends on the applied power: higher
the power the larger number of micro-discharges is generated at the same electrode
parameters. This allows scale-up of DBD configuration from small laboratory setups
to industrial large-scale devices, which makes DBDs highly suitable for

technological applications [19],[20].

There are already many publications devoted to polymer surface modification by
DBDs operated in different gas mixtures (e.g. argon, oxygen, nitrogen, helium or
their combinations) (e.g. [21], [22]). However, the use of these gases is relatively

expensive and not profitable for real industrial applications and thus there is a clear
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demand to employ laboratory air as working gas. It was demonstrated by different
groups that dielectric barrier discharges sustained in air at atmospheric pressure are
capable to effectively modify polymeric surfaces (e.g. polypropylene [23],
poly(ethylene terephthalate) [24], [25], [26], polyurethane [25], polyimides [27],
polyethylene [28], [29], poly(ethylene naphthalate) [30], poly(methyl methacrylate)
[31] or polyamides [32]-[34]). Based on these studies it was clearly proved that
DBD treatment in most of cases causes oxidation of polymeric substrates that in turn
enhances their surface energy and with it connected wettability. However, it is worth
noting that these changes are not temporally stable: with increasing storage time the
surface energy and wettability of plasma treated polymers gradually decrease. This
effect, which is termed ageing or hydrophobic recovery, is due to the reorientation
of polar functional groups on polymeric surfaces, outward-diffusion of low-weight
oligomers or additives and/or by accumulation of air-born impurities [35], [36]. The

typical time scale of these processes is several days or weeks, at a maximum.

Besides the oxidation and alteration of wettability induced by DBD treatment,
exposure of polymers to atmospheric pressure plasma commonly results also in
changes of their surface morphology - DBD treated polymers often exhibit higher
roughness as compared to untreated ones (e.g. [24], [27], [31]). Modification of
morphology of polymeric materials is frequently ascribed to their etching that is not
spatially homogeneous (e.g. due to different etching rates of crystalline and
amorphous regions in polymeric structure [37]). The etching is, however, not
important only for surface nano-roughening, but it can be used for
sterilization/decontamination of surfaces as well. As highlighted in literature [38],
the strategy based on etching may be in many cases more favorable as compared to
plasma-based inactivation of biological pathogens as it assures complete removal of
biological contamination from the surface and thus guarantees the safety of treated

materials.

To conclude, DBD plasmas operated in air at atmospheric pressure were shown in
the last two decades to be valuable tool for modification of surfaces of polymeric
materials as well as for their sterilization/decontamination. This was documented in
numerous works (e.g. [23]-[27], [39]-[41]). However, in these studies different DBD
set-ups and operational conditions were implemented that make the comparison of

8



reached results for different polymers almost impossible. Thus, the main aim of this
is study is to investigate and compare the effect of DBD treatment on wider range of
common polymers. For this purpose, the treatment of different polymers (PP, PE,
nylon 6,6, PEN, PEEK, PMMA, PLA) introduced in subchapter 1.1 was performed
in the same DBD system and under identical operational conditions. Main attention
was devoted to changes of chemical composition, surface energy and morphology
induced by plasma treatment. In addition, etching rates of all polymers were
evaluated as well that was followed by experiments focused on the possibility to etch
also biomolecules or bacteria. Finally, the possibility to use plasma treatment for
improving cell adhesion was tested.

1.2.2 Functional coatings

The second strategy for improvement of properties of commonly used polymeric
foils is their coating. Among techniques that were developed for this purpose
considerable attention is paid to the deposition of functional coatings by plasma
based methods at low pressures. Typical examples are barrier coatings that lowers
permeability of gases through polymeric foils (e.g. [42]-[45]), bio-adhesive or bio-
repellent coatings that assure required biocompatibility (e.g. [46]-[49]), coatings
with adjustable wettability including the possibility to produce super-hydrophilic or
super-hydrophobic surfaces [50]-[52] or antibacterial thin films (e.g. [53]-[55]).
Important classes of materials for above-listed examples are plasma polymers, i.e.
macromolecular solids formed during plasma polymerization, or their
nanocomposites with metal nanoparticles. These two types of materials will be

briefly introduced in the following two subchapters.



1.2.2.1 Plasma polymerization and plasma polymers

Plasma polymerization is a process, which occurs as the result of introduction of
organic precursor into the plasma®. There are different models of plasma
polymerization kinetics [56]-[60]. In general, polymerization process is described by
three stages similar to conventional radical polymerization: (i) initiation, (ii)
propagation and (iii) termination (Figure 1.3) [58].

Initiation .| Propagation Termination
M+e -->2R, +e R,+M-->R,,; R,+R,-->Pp,m0orP,+P,

Re-activation

Figure 1.3 Illustration of polymerization process, where M is monomer, e stands for

electron, R is a radical and P means polymer or neutral molecule [58].

The initiation takes place in the plasma volume predominantly through collisional
processes between energetic electrons and organic molecules. The most probable
reaction is in this case dissociation of precursor that leads to formation of radicals.
Created radicals are highly reactive toward addition reactions with other bi-radicals
or with unsaturated molecules that leads to propagation of polymeric chain or toward
recombination with other radicals (termination reaction). In contrast to conventional
polymerization scheme the formed molecules may be re-activated via additional
electron impact and thus the plasma polymerization may be viewed as a sequence of
termination reactions and re-activation of the products. Formed species subsequently
condense on a substrate introduced into the plasma that gives rise to a solid organic
thin film. However, it is important to stress that, re-activation and termination
reactions may occur not only in the gas phase [58], but also on the surface of

growing films [59].

® In this case the proces is also called plasma-enhanced chemical vapor deposition (PE-CVD).
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More complex model of plasma polymerization was suggested by Yasuda and co-
workers [56]. In this model, the synthesis of the coating is supposed to result from a
balance between deposition processes and simultaneous film etching, i.e. via
competitive ablation and polymerization (CAP, see Figure 1.4). The ablation occurs
through highly reactive radicals that can be produced in the plasma volume and react
at the plasma-growing film interface to form stable molecules (e.g., water, CO,, CO)
that desorb from the film. As these molecules cannot take part in the growth of the
film anymore they are either pumped-out of the reactor or are re-activated through

electron collisions in the plasma bulk.

| |
. i -polymer Effluent
| Startmg 5 I\{on }?OI}]‘H&I -,
I material forming gas | gas
I [\ PR I
I Plasma or glow i i
» discharge polymerization i .
| |
Plasma-state ; | "
| polymerization s Ablation |
I ; /
. Plasma-induced ! 1
] polymerization | Flosu
T : boundary
I Polymer-forming
. intermediates .
| I
1 |
I |
| |
| I

Solid state

Figure 1.4 Overall model of plasma polymerization in glow discharge by H. Yasuda.
Taken from [56].

The plasma polymerization scheme was further extended by D’Agostino [57] who
included ions as important species for the film growth. In his model, which is termed

ion Activated Growth Model (AGM), it is assumed that surfaces of growing films are
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continuously exposed to impinging ions. As the ions may have energies reaching
several tens of eV they may induce chemical bond breaking. This leads to the
formation of surface dangling bonds which can act as preferential adsorption sites for
reactive species coming from the plasma. In other words, the precursor can be
incorporated in the growing film through a surface reaction with a radical site (e.g.
via the opening of a double bond). This process is termed plasma-induced

polymerization.

Despite the differences in proposed models of plasma polymerization, the common
point is that this process is highly stochastic. As a result of this plasma polymers
have, in contrast to conventional polymers that are composed of regularly repeating
units (Figure 1.5, a), irregular chemical structure that is characterized by randomly
distributed short chains, frozen radicals and with more or less cross-linked structure
(Figure 1.5, b). The structure, chemical and physical properties of produced plasma
polymers may be tailored by many operational parameters [61]. The main parameters
that may be used for control of the properties of plasma polymers are type and
geometrical configuration of the deposition reactor (for examples of different
configuration, please see Figure 1.6), feeding gas, flow rate of the monomer and
delivered power®, pressure of working gas, frequency of the RF discharge excitation

voltage, substrate temperature and its position.

CH; CH: CH-

A VAVAN

CH, CH.

a) b)

Figure 1.5 Chemical structure of conventional PE (a) and hypothetical structure of

hydrocarbon plasma polymer (b) Taken from [62].

* Flow rate and delivered power determine the energy deposited per monomer, i.e. so called

Yasuda parameter.
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Figure 1.6 Different deposition systems for plasma polymerization:
a) parallel plate electrode reactor, b) microwave reactor,

c) and d) external electrode reactors. Taken from [62].

In addition, under certain conditions the plasma polymerization may result in
coatings that have inorganic character. Typical example of this is plasma
polymerization of organosilicon precursor, such as hexamethyldisiloxane (HMDSO,
chemical structure is presented in Figure 1.7), in presence of oxygen. In the case
when oxygen is not introduced to the deposition chamber the important film forming
species are carbonated radicals that are formed by partial fragmentation of HMDSO
molecule. Because of this, growing films exhibit organic character with high
abundance of hydrocarbon groups. Addition of oxygen at sufficient amount leads to
dramatic change in the deposition process: oxygen either reacts in the plasma bulk
with carbon in CHy radicals that leads to formation of species that do not contribute
to plasma polymerization (e.g. CO, CO,) or etches carbon from the growing films

[63]. This in turn leads to lowering of fraction of hydrocarbon groups in the films
13



that thus tend to have to inorganic silica-like character. Obviously, the differences in
the chemical structure of the coatings prepared without and with oxygen change
dramatically the physical properties of resulting films (wettability, mechanical,
optical or barrier properties). Such high flexibility that enables to produce either
hydrophilic or hydrophobic films, barrier coatings or bioadhesive coatings alongside
with the non-toxic and non-flammable character of HMDSO, its sufficient vapor
pressure, availability and price, makes plasma polymerization of

hexamethyldisiloxane one of the most studied system (e.g. [64]-[70]).

HaC CH,
\S_/D\\S./
=l I=.
HiC-~ “=CH;
J0\N

Figure 1.7 Chemical structure of hexamethyldisiloxane (HMDSO).

1.2.2.2 Plasma polymer based nanocomposites

Another classes of materials that are recently in focus are nanocomposites. These are
multi-component materials with distinguishable phases among which one has at least
one dimension of less than 100 nm. The interest in these materials is connected with
the fact that they offer unique properties needed for various kinds of applications.
For example, nanocomposites based on metal nanoparticles embedded into polymer
or plasma polymer matrix may be used as optical coatings, sensors for organic
vapors, switching applications or as antibacterial materials [71]. The latter is
important in light of recent data that clearly showed increasing resistance of certain
bacterial strains to common antibiotics. Because of this there is an urgent demand to
develop alternative bactericides. One of the materials that experiences renewed and
increasing attention is (nano)silver, whose good antibacterial properties are known
since ancient times [72]. Although the exact bactericidal mechanism of silver is still

not fully understood, it is supposed that the antibacterial nature of silver is
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predominantly connected with its ability to release silver ions that subsequently
interact with vital enzymes or bacterial DNA or are capable to destroy irreversibly
cell membranes of pathogenic organisms and hence inhibit their growth [73]-[75].
Recently, various nanocomposite coatings consisting of silver nanoparticles (Ag
NPs) inside a matrix of plasma polymers (e.g. SiOx matrix synthetized by plasma
polymerization performed in HMDSO/O, mixture) have been intensively
investigated [53], [76]-[79]. In this case the plasma polymers serve as a reservoir for
the out-diffusion of silver ions that are produced in aqueous environment by

oxidative dissolution process involving protons and dissolved oxygen [80]:

24g(s) + %02(aq) + 2H" (ag) — 24g" (aq) + H,0 (1.1)

The advantage of use of plasma polymers as matrix material is connected both with
their very good adhesion to various substrates and possibility to regulate Ag"* ion
release by properties of plasma polymerized matrix, e.g. its cross-link density,
wettability or chemical structure [54].

Since a wide range of types of both plasma polymer and metal nanoparticles can be
produced, plasma polymer/nanoparticles nanocomposites are considered as valuable
in many modern applications that include biomedicine, food packaging or ultras-
sensitive bio-sensing or bio-recognition [81]. As consequence, different strategies
were developed for production of metallic nanoparticles and for their embedding into
plasma polymer matrix by means of vacuum based methods. This is due to series of
advantages of such physical way of nanocomposites fabrication: vacuum based
methods are in comparison to strategies that utilize wet chemical process
environmental friendly, easy to implement, relatively low-cost and offer good control
over the properties of both metallic nanoparticles and plasma polymer matrix. One of
the most promising methods for metal NPs production is magnetron-based gas
aggregation source (GAS) of nanoparticles or gas aggregation cluster® source, which

was first experimentally realized by Haberland and co-workers [82], [83]. The

® In the literature both terms ‘nanoparticle’ and ‘cluster’ may be found, which have in general same

meanings. In this work only the term ‘nanoparticle’ will be used.
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principle scheme of deposition machine is presented in Figure 1.8. These authors, in
contrast to previously used aggregation sources that utilized thermal evaporation as a
primary source of material from which NPs were created [84]-[86], proposed to use
magnetron sputter discharge. This made it possible to produce NPs from metals with
high melting points. In addition, important fraction of NPs that leave the aggregation
chamber is electrically charged (both positively or negatively (e.g. [87]) that in turn

enables their mass/size filtration or acceleration towards the substrate.

Figure 1.8 Scheme of deposition set-up for preparation of nanoparticles, where
Ar —argon, LN, — liquid nitrogen, TOF — time-of-flight mass spectrometer, C1 and
C2 — magnetron cathodes, Al, A2 and A3 — apertures, H — heater, R — crystal

microbalance, S — substrate holder). Taken from [82].

In general, the principle of nanoparticle deposition in GAS based on magnetron
sputtering may be described shortly as follows. The atoms sputtered from the metal
target are introduced to the flow of noble gas (typically argon). At sufficiently high
pressure (tens of Pa), stable dimmers start to be formed through the three body

collisions:
M+M +Ar —> Mr+Ar, (1.2)

where M is metal atom and Ar is rare gas atom. Subsequently dimers are cooled
down as a result of their collisions with the working gas and they begin to grow by
addition of metal atoms from the gas phase. Formed nanoparticles are simultaneously
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dragged by the working gas and transported through a small exit aperture into the
main low-pressure deposition chamber, where they are deposited on a substrate.

Deposition conditions such as working gas composition or pressure, applied power,
target material, temperature in the aggregation chamber and its size may influence
the formation and growth of NPs and hence their properties: size, deposition rate,

chemical composition, etc.

Haberland concept of magnetron-based aggregation source has become a basis for
development of new models and constructions of GAS systems. By the group of
prof. Biederman a simple and compact GAS with a planar magnetron similar to the
Haberland’s aggregation source has been developed. The new design of GAS
integrates movable magnetron or electrode without the magnetic circuit driven by
DC or RF power. This enables to vary the aggregation length. Moreover, the GAS
consists of stainless steel chamber equipped by water cooled system for better
stabilization of the nanoparticles deposition rate. Finally, no mass filtration element
is used that significantly enhances the deposition rate of NPs. This GAS design was
proved to enable deposition of wide spectrum of nanoparticles including not only
metallic ones, but also NPs of metal-oxides, plasma polymer NPs or even core-shell
nanoparticles (for selected examples refer to following publications [88]-[94]).

The great advantage of GAS systems is not only the range of materials from which
NPs may be prepared, but also the possibility to combine them with other vacuum
based deposition systems (PE-CVD, magnetron sputtering) to produce
nanocomposites with different architectures (e.g. nanocomposites, in which NPs are
randomly distributed in the matrix [95], sandwiched structures [90] or in the form of
coatings that have lateral gradients in the amount of embedded NPs [96]). In
addition, in contrast to other vacuum based methods (co-sputtering, sputtering with
simultaneous plasma polymerization) the process of NPs formation occurs solely in
the aggregation chamber of GAS and thus it is decoupled from the deposition of

matrix.
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2  Experimental

2.1 DBD treatment of polymers

A schematic diagram of DBD system used for the treatment of polymeric foils is
depicted in Figure 2.1, a. The plasma was generated in between two asymmetric
parallel planar electrodes spaced at a distance of 2.0 mm, one conductive (stainless
steel) and the other one covered with a dielectric layer (1 mm thick sintered
alumina). The powered rectangular top electrode with dimensions of 20 mm x 20
mm % 50 mm can be moved in one direction along the length of the bottom electrode
(dimensions 72 mm X 160 mm), which enables the treatment of a larger sample area.
Figure 2.1, b represents a photo of DBD system with ignited plasma between the
upper movable electrode and the bottom grounded electrode.

Pyrometer |[:
High voltage probe \ E

Movable I
Optica
electrode |.=.| lenses }f Monochromator
Plasma D> [U:
<~ %
Dielectric @

plate 7\
electrode TCapacitor | L= I

Grounded

b)

Figure 2.1 Schematic illustration of DBD system used for treatment of polymeric

foils (a) and photography of a DBD plasma reactor (b)
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Table 2.1 Polymers used in this study with their chemical structure.

Chemical formula

o}
0 n
% C OJ} Polyethylene terephthalate (PET)

Q
Tooﬁ Polyethylene naphthalate (PEN)

CH,
Polypropylene (PP)
M\ Polyethylene low density (LDPE)
I
(o] (o]
{\I} Poly(methyl methacrylate) (PMMA)

Q/T Polyether ether ketone (PEEK)
%O}L Polylactic acid (PLA)
o]

The powered top electrode was driven by a high-voltage, low-frequency AC power
supply. The applied voltage was in the range 9.6 kvV-10.8 kV. The DBD frequency
was automatically tuned and decreased slightly (from 21 kHz to 18 kHz) with an
increasing applied AC voltage. Laboratory air was used as the working gas at the
pressure of one atmosphere. The humidity was in the range of 30—40%. The samples

to be treated were placed on the bottom grounded electrode.
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Different polymeric foils were used for modification by DBD plasma in this work.
The list of used polymers, which were selected as representative examples of
hydrocarbon polymers, polymers with oxygen and nitrogen functional groups and
polymers that contain aromatic rings, is presented in Table 2.1. All foils were
sourced from Goodfellow and had thickness of 50 pm except PP foils, which were
30 pm thick. For the experiments, polymeric foils were cut into the strips
approximately 2.5 cm wide and about 7 cm long. All foils were used as received

without any pretreatment.

2.2 Deposition systems

2.2.1 Deposition of pHMDSO and SiO thin films

Polymerized hexamethyldisiloxane (pHMDSQO) and silicon oxide (SiOy) thin films
were prepared by means of low-pressure plasma-enhanced chemical vapor deposition
(PE-CVD) method. The deposition took place in a stainless steel vacuum chamber
that was equipped with 3-inch, planar, water cooled electrode (see Figure 2.2). The
electrode was capacitively coupled through a matchbox to an RF generator working
at a frequency of 13.56 MHz. The working RF power was fixed at 40 W. The
precursor HMDSO (Sigma, chemical structure is depicted in Figure 1.7) was
thermally stabilized and vaporized outside the apparatus. The flow rate of HMDSO
precursor into the deposition chamber was regulated by a needle valve and was 0.25
sccm in all experiments. HMDSO was used either alone or with oxygen addition that
enabled to vary chemical structure of produced coatings from the one typical for
plasma polymers to the one that corresponds to SiOj-like films. The flow rate of
oxygen was varied from 0 sccm up to 15 sccm, which corresponded to O,:HMDSO
ratio 60:1. The pressure inside the deposition chamber was regulated by a butterfly

valve and was kept at 4 Pa.
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Figure 2.2 Experimental set up used for deposition of thin films.

2.2.2 Deposition of Ag nanoparticles

Gas aggregation source (GAS) schematically depicted in Figure 2.3 was used for
the fabrication of Ag nanoparticles. This GAS system of original construction
consisted of water cooled, cylindrical aggregation chamber ended with a conical lid
with an orifice 2 mm in diameter. DC planar magnetron equipped with a silver target
(Safina a.s., declared purity 99.99%) was placed into the gas aggregation chamber.
Ar was used as working gas, the pressure inside the gas aggregation chamber was
30 Pa and DC magnetron current was 100 mA. No mass or size filtration of produced

nanoparticles was applied in this study.
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Figure 2.3 Experimental set-up for deposition of silver nanoparticles.

2.2.3 Fabrication of nanocomposite coatings

This work was focused on a novel strategy suitable for preparation of functional

nanocomposites using combination of GAS and PE-CVD.

Nanocomposites based on silver nanoparticles embedded into different matrixes
(plasma polymerized HMDSO and SiOy matrix) were prepared in the form of
sandwich structures by sequential deposition of Ag NPs and matrix. The steps of
fabrication of nanocomposites are schematically shown in the Figure 2.4. The main
attention was devoted to the evaluation of the effect of the number of silver NPs in
produced nanocomposites, role of matrix material and influence of architecture of
produced coatings on their wettability, Ag ions release, antibacterial efficiency and

barrier properties.

Similar approach was used for production of coatings with tunable roughness and
wettability. In this case C:H NPs were used instead of Ag NPs. They were prepared

using protocol described in [97].
22



1. Deposition of
a base layer

2. Deposition of
Ag nanoparticles

n. Deposition of nanocomposite

ith complex architecture
000000 "
. eeeeee
0900000
3. Deposition of . . . . . .

a cover layer

Substrate

Figure 2.4 Schematic illustration of nanocomposites preparation.

2.3 Plasma diagnostics methods and methods for physico-chemical

characterization of samples

2.3.1 Optical emission spectroscopy (OES)

Optical emission spectroscopy (OES) is a common diagnostic method for detection
of excited atoms and molecules (both neutral and ionized) presented in the low
temperature plasma. This method is based on analysis of light emitted by plasma
during the radiative de-excitation of excited species to lower energy states. The
wavelength of emitted radiation is given by the energy difference between the upper
and lower energy levels and thus is characteristic for a given atom or molecule. Thus,
optical emission spectra as a collection of different spectral lines may provide the
information about the composition of the plasma.
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In this study, OES was used for characterization of processing plasma. In the case of
DBD plasma time-averaged emission spectra collected from the whole DBD volume
were recorded by the Andor iStar ICCD DH740i-18U-03 camera through the iHR-
320 spectrometer in collaboration with Dr. M. Simek. In the case of plasma
polymerization of HMDSO the optical signal emitted by the plasma was collected
through the diagnostics window and analyzed by Avantes spectrometer (AvaSpec
3648) in the range of 250-850 nm according to [98].

2.3.2 Atomic Force microscope (AFM)

Characterization of the surface morphology was done using Atomic Force
microscope (AFM). The AFM enables to image almost all types of surfaces, for
example polymers, biological objects, nanoparticles, composites and etc. The AFM
consists of sharp tip on the end of cantilever that scans a sample surface and a laser

beam deflection system. Schematic illustration is depicted in Figure 2.5.

Position
detector

Laser

Cantilever

el s:roe

Figure 2.5 AFM schematic illustration.

When the cantilever interacts with the sample surface, the forces that occur between

the tip and sample are measured and controlled by electronic feedback loop
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employing a laser deflection. Position of laser beam reflected from the cantilever is

monitored by detector to track the surface for imaging.

Different measuring modes may be used that can be divided into static and dynamic
ones. In the static (or contact) mode the tip is in constant contact with the substrate,
whereas in the dynamic (or non-contact) mode the cantilever is oscillated near its
resonance frequency (typically from several kHz to 400 kHz) up and down near the
surface by adding an extra piezoelectric element. In the most common mode, so-
called tapping or intermittent contact mode, the tip touches the sample and moves
completely away from the sample in each oscillation cycle. The interaction between
the tip and the sample causes the change in amplitude of the cantilever's oscillation.
The feed-back loop is then used to adjust the height of the cantilever above the
sample in order to maintain constant cantilever oscillation amplitude. Recorded
heights for different positions on the sample are then used for construction of an

AFM image of sample surface.
Information obtained by the AFM is a set of discrete values of heights Z(x) for each
of n measured points on the sample. This enables statistical analysis of recorded

AFM images [99]. One of the most common studied parameters is the root-mean-

square (RMS) roughness w that describes the standard deviation of the surface height

w = /%z Z(x)? 2.1)

In this work, AFM (Quesant Q-scope 350 AFM ) was used for the measurements of

and is defined as:

the morphology of polymeric foils and deposited films. The AFM was operated in
the intermittent contact mode (scan rate 2 s, resolution 512 x 512 points) using
ACLA-10 Si probes (tip radius of 10 nm, nominal spring constant 58 Nm™,
AppNano). Each reported value of RMS roughness represents an average over at
least three 10 pum x 10 pm scans performed on randomly selected positions on the

measured samples.
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2.3.3 Scanning Electron Microscopy (SEM)

Scanning electron microscope (SEM) is used to visualize the surface topography by
scanning with a beam of electrons. The work principle of SEM is as follows:
electrons emitted by an electron gun are accelerated (accelerating voltage is typically
in the range of hundred volts to tens of kilovolts) and focused onto the sample (see
Figure 2.6). As a result of interaction between the electron beam and sample, low-
energy secondary electrons, backscattered electrons, Auger electrons, X-rays, etc. are
generated. Special detectors collect information depending on the type of come-off
signal. For imaging of the sample, secondary and backscattered electrons are

generally used.

Electron gun

Anode
Condenser lenses

<— Electron beam
Scanning coil

Signal detector

Objective lenses \

Sample Secondary electrons

Figure 2.6 Simplify scheme of the SEM.

In this work, morphology of prepared samples was measured by the scanning
electron microscope Tescan Mira Il using maximum acceleration energy at 30 kV.
As substrates for SEM analysis of Ag NPs and Ag containing nanocomposites one-
side polished silicon wafers were used. Size distribution of Ag NPs was determined

by means of software Solarius Particles [100]. Diameters of at least 100 NPs from
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each SEM image with the view field of 1 um were used to determine the particle size
distribution.

Since the samples during their scanning are bombarded by high-energy electrons
either positive or negative potential can appear in the case of non-conductive
materials. This charging leads to distortion of obtained data and quality of analysis.
Common approach to the mitigation of charging is covering of the sample by thin
metallic film (gold, silver, etc.) [101], [102]. This strategy was employed in our case
for the characterization of bacterial spores. Untreated and plasma treated spores of
B. subtilis were dried for 1 hour after the DBD plasma exposure and then covered by
a thin layer of magnetron sputtered gold. The dimensions of spores were deduced
from SEM images. In this case the lengths and widths of at least 70 spores were

measured.

2.3.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique (information
depth around 5-10 nm depending on the material) that provides information about
chemical composition of the samples. The XPS can detect any elements with atomic
weight equal to or higher than 6.9 (i.e. from lithium beyond). The main principle of
XPS is based on irradiation of the material surface by X-ray beam. Due to the photon
interaction with the matter electrons are ejected from the inner orbitals with kinetic

energy:

Exinetic = hv — ¢ — Ebinding (2.2)

where h is Planck constant, v is frequency of incident X-ray beam, ¢ is work function
of spectrometer (provided by calibration of the device, typically few eV) and Epinding
is binding energy of the electron [103]. According to this equation, from known
photon energy and measured electron’s kinetic energy it is possible to calculate

electron binding energy, which is unique for each element.
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In addition, oxidation, surface charging, contamination of the surface influences the
position and intensity of XPS peaks, so in all cases the calibration of binding energy

of peaks according to known element is needed.

In this work chemical analysis was carried using an XPS spectrometer equipped with
a hemispherical analyzer (Phoibos 100, Spec). The XPS scans were acquired at
constant take-off angle of 90° using Al Ka X-rays source (1486.6 eV, 200 W, Specs).
Survey spectra were acquired for binding energies in the range of 0-1100 eV at a
pass energy of 40 eV (dwell time 100 ms, step 0.5 eV). All the XPS spectra were
referenced to the binding energy of aliphatic C-C bonds at 285.0 eV [104]. The
fitting of high resolution XPS spectra of selected peaks (Cls, Ols and N1s) was
performed after Shirly background subtraction with mixed Gauss-Lorentzian lines

(70% Gaussian and 30% Lorentzian) using the CasaXPS program.

2.3.5 Ellipsometry

Ellipsometry is a versatile non-contact method for characterization of properties of
thin films such as thickness and optical constants. Ellipsometry is based on
monitoring changes of the polarization of light reflected by the surface of the sample
(see Figure 2.7) that are expressed by phase difference A of p- and s- polarizations
and amplitude ratio upon reflection tan(y). A and tan(y) are connected with a

complex reflection coefficient p through the equation:

_ Rp _ iA
p=—= tan(¥)e (2.3)

where Rp and Rs are Fresnel coefficients corresponding to p- and s- polarization,
respectively, that are dependent on the optical constants of studied samples
(thickness, refractive index and extinction coefficient). Since the optical constants
cannot be directly derived from the measured data, iterative fitting of recorded
ellispometric data by a model has to be used that solves Fresnel equations using

optical constants that describe the analyzed sample as fitting parameters [105], [106].
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Figure 2.7 Schematic illustration of ellipsometry measurements.

In this work, spectroscopic ellipsometr Woolam M-2000DI was applied for
measurement of thickness of deposited coatings. During all experiments the incident
angle was varied from 55 to 75° at the wavelength range of 192-1690 nm at room
temperature in laboratory air. Silicon wafers were used as substrates for ellipsometry

measurements.

2.3.6 Inductively coupled plasma mass spectroscopy (ICP-MS)

ICP-MS is a sensitive technique, which is capable to detect and quantify amount of
most of elements in the periodic table in solutions down to concentration of ppt
(parts per trillion; ng/l). The ICP-MS device consists of sample introduction system,
inductively coupled plasma as an ionization source that uses argon gas, mass
spectrometer with a quadruple filter and detector. First, the sample solution is
sprayed into the argon plasma where it subsequently evaporates, decomposes and
eventually ionizes. Produced ions are then separated according to their mass/charge
ratios by a high resolution magnetic sector mass analyzer. Finally, the ions are

detected and counted [107].
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The ICP-MS (NexION® 300 ICP-MS system) was employed for monitoring of
silver ion release kinetics form silver based coatings into the aqueous environment in
this study. For measurements the samples were immersed into 10 ml distilled water
in small bottles made of high density polyethylene (HDPE) at room temperature for
different time intervals. The values of silver ion release were converted into the
release per area taking into account the volume of the supernatant and the size of
samples (1.13 cm? in this study). Each reported value is the average from 2

independent measurements.

2.3.7 Nano Dynamic Mechanical Analysis (nanoDMA)

Dynamic Mechanical Analysis, also known as DMA, is an indentation technique
used to measure mechanical properties of thin films (hardness, storage modulus, loss
modulus, complex modulus etc.) by applying a sinusoidal deformation that results in
response of material. NanoDMA is a technique that performs such mechanical

measurements at the nanoscale.

The common nanoindentation methods to measure mechanical properties of material
are based on data recoded during a cycle of the loading and unloading of the indenter
[108], [109] (see Figure 2.8). These recorded data are subsequently modeled taking
into account both elastic and plastic deformation during the loading that facilities the
determination of the hardness of the material. However, during the unloading, it is
assumed that only elastic deformation is recovered ignoring plasticity reverses. This
assumption may be applied in case of ceramics or metals showing only elastic
recovery but not in case of polymers, which have additionally viscoelastic behavior.
Thus, for polymers dynamic mechanical analysis is commonly applied.
Characterization of the viscoelastic properties of polymers is defined by complex
modulus, which is in turn comprised of storage and loss modulus. Storage modulus
represents the stiffness of the material. Loss modulus describes the damping behavior

of the material.
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Figure 2.8 A load-displacement curve; hmax maximum displacement at the maximum

load Ppax, S is elastic unloading stiffness. Taken from [109].

NanoDMA measurements use a quasi-static force and a much smaller dynamic load
at established frequencies, which may be ramped from 0.1Hz up to 300Hz.

Displacement amplitude and phase shift are analyzed according to resulting signal
measured by lock-in amplifier (see Figure 2.9).

Figure 2.9 Dynamic input signal; F is applied dynamic force, d is dynamic
displacement, and ¢ is phase shift. Taken from [110].

The storage (loss and complex) modulus is defined with equation:

_ eVE
E= 2+Ac (2.4)
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where k is function of frequency (measured in nanoDMA test) and given as the

storage, loss or complex stiffness, respectively; Ac is contact area.

Hardness is calculated by the following equation:

P+Fact
H=———- (2.5)
Ac

where P is maximum force and Fact is the dynamic actuation force.

The complex Young's modulus was assessed via nanoDMA (Hysitron, Triboscope
75 with a nano-DMAIII module combined with an AFM microscope Ntegra Prima,
NT-MDT) with a standard Berkovich-type indenter. Prior to each measurement, the
indenter was brought to contact with the sample under the constant force of 0.4 uN.
Linearly increasing load function was applied immediately afterwards to indent the
surface with superimposed dynamic load (with variable amplitude and a frequency of
220 Hz). For measurements of polymers, the maximal quasi-static force reached 100

uN and, in case of plasma polymerized coatings, it was 500 uN.

2.3.8 Permeability measurements

An original set-up of own construction was used for the evaluation of barrier
properties of the coatings deposited on PET foils. This system, which is
schematically presented in Figure 2.10, is based on measuring the temporal pressure
rise in an ultra-high-vacuum (denoted as V1 in Figure 2.10) chamber evacuated
before the measurements to the base pressure of 3x10° Pa and separated from the
surrounding environment (denoted as V2 in Figure 2.10) by the tested polymeric
foil. Before each measurement the UHV chamber V1 was pumped by turbo-
molecular pump to the base pressure. At the same time, the volume V2 above the foil
was pumped by a scroll pump to pressure of 1 Pa. After this pumping stage, which
was in all cases 24 hours in order to reach reproducible results, the volume V2 was
filled by testing gas (water vapor in our case) and the pumping of UHV part was

stopped. The rising pressure in the UHV chamber was measured by an ionization
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gauge. The slope of the pressure rise is proportional to the permeability coefficient of
a tested gas through a polymeric foil.

The calculation of permeability coefficient P was performed using the equation
[111]):

(LM?)TS l
— T .
P= Ps AmtAPu (2.6)

where V is the permeate side volume given in cm® Ap stands for the pressure
increment in time t in Pa, t is the time of permeation in sec, T and Ts are operating
and standard temperatures in K, Ps is the standard pressure in Pa, [ is the membrane
thickness in cm, Am is the membrane area in cm? and APu represents the pressure
difference across the membrane, which is given in Pa. More details regarding the set-
up and measuring protocol may be found in the previous study [45]. The samples

were measured at least two times.

G
Vv
Vv
<t V2
g5 F
SP = =

@_ V1 _@

—I>V<I—@ TMP

Figure 2.10. Schematics of set-up used for permeability measurements: SP — scroll
pump, TMP — turbomolecular pump, v — valves, IG — ionization gauge, F — tested
foil, V1 — ultra-high vacuum part, V2 - upstream part, G — gas inlet.
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2.3.9 UV-VIS Spectrophotometry

Ultraviolet-visible spectrophotometry (UV-VIS) is a type of absorption spectroscopy
in the ultraviolet and visible region of light spectra. This method is based on the
measurement of changes of intensity of light at given wavelength in an absorbing
media that follows the Beer-Lambert law [112]:

A =log (170) = ecl 2.7)

where A is the absorbance of the sample, I, and | are intensities of light before and
after it passed the sample, respectively, | is the path length through the sample, ¢ is

the concentration of the absorbing species and ¢ is the extinction coefficient.

The common UV-VIS spectrophotometer consists of a light source (deuterium and
tungsten lamps for UV and VIS spectral regions), monochromator, beam-splitter that
splits the beam of light into two separated beams: the first one passes through the
sample and the second one that passes through a blank sample is used as a reference,
and detector. This configuration had also the UV-VIS spectrophotometer that was
used in this study (Hitachi U-2900) that enabled absorption measurements in the

spectral range from 200 nm up to 1100 nm.

Although UV-VIS spectrophotometry is predominantly used in analytical chemistry
for the quantitative determination of different analytes and biomolecules, in this
study it was used for the characterization of polymeric foils and for investigation of

localized surface resonance peak of Ag NPs [113].

2.3.10 Wettability measurements

The wettability and surface energy of polymeric foils and produced coatings was
measured by means of sessile drop technique using home-build goniometer.
Wettability was characterized by water contact angle 6, i.e. angle (tangent) of a

liquid drop with a solid surface at the base (see Figure 2.11). According to the
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recommendation on wettability measurements by Strobel at al. [114] both static and
dynamic (i.e. advancing and receding) water contact angles were measured. In order
to measure dynamic water contact angles the water droplets were inflated and
deflated with a needle-syringe without the contact line moving. The advancing and
receding angles were then evaluated as maximal and minimal contact angle values,
within which the triple line did move — see Figure 2.12. Each reported contact angle
value is the average of three independent measurements performed on randomly

selected positions on the sample.

Yi

Figure 2.11 Illustration of the measurement of contact angle of liquid.

a) b)
Figure 2.12 Example of a) advancing and b) receding angles of water on PET foils.

In general, for finding the surface energy of an unknown sample, droplets of one or
several different liquids with known surface energies are used. Several approaches
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exist for determination of surface energy. The basic equation for calculation of
surface energy is the Young equitation:

Ys = Vs + viC0s6 (2.8)

where s is the surface energy of a solid, yq is the surface energy of a surface —liquid

interface, y, is the surface energy of liquid and € is the contact angle of liquid (see

Figure 2.11).
In order to define y5 from equation (2.8) additional relations between ys y and yg

must be stated. Fowkes assumed separation of the surface energy into independent
parts that reflect specific interactions [115]:

Vs = VsP + ¥s® 4 Vst vt + v+ v° (2.9)

where 7, 7, 7 ys, 7> and 50 are connected with polar force, dispersion
force, hydrogen bonding force, induction force, acid/base force and other remaining

force components of surface energy, respectively.

For two surface-liquid component systems that assumes both polar and dispersion

interactions Owens and Wendt derived following equation [116]:

Ysi = Vs T Vi — 2 s %) — 24/ (¥sPViP) (2.10)

Taking into account the last equation (2.10), Young equation (2.8) and assumptions:

Ys = VsP + ¥s? (2.10),

vi=vif +7° (2.12),
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the polar and dispersion components of the solid can be found.

In this work two liquids (Sigma—Aldrich) were used for the determination of surface
energies. Substituting known values of polar and dispersive parts of water and
diiodomethane, which are listed in Table 2.2, to (2.8), (2.10), (2.11) and (2.12)
equations the polar and dispersive components of tested polymers can be calculated

as:
Y"={5.09(1+cosOy) — 2.32(1+cosOpm)} (2.13)
vd=12.7(1+c0s0pwm)° (2.14)

where 6\, is the water contact angle (WCA) and fpy is the contact angle of

diiodomethane.

Table 2.2 The polar and dispersive surface energies.

Liquid 'ysp , mJ'm” 'ysd, mJ-m™
Water 51 21.8
Diiodomethane 0 50.8

2.3.11 Mass loss measurements

In order to assess the etching rate of the polymeric foils, they were weighted before
and after the plasma treatment by means of Mettler Toledo XS205 balances
(readability 0.01 mg). All presented values are statistical averages of three

independent measurements.
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2.4  Protocols of biological tests

2.4.1 Cell growth on polymeric foils

Influence of DBD plasma pretreatment on cell growth on PET foils was investigated
in collaboration with Institute of Physiology, Academy of Sciences of the Czech
Republic. In these experiments untreated and DBD treated PET foils were sterilized
in 70% ethanol for 2 hours. After that they were cut into pieces 1.2 cm % 1.0 cm,
inserted into 24-wellpolystyrene cell culture plates (TPP, Switzerland; internal well
diameter 15.4 mm) and seeded either with human umbilical vein endothelial cells
(HUVEC, single donor, isolated in EGM-2 media; Lonza, Cat. No. C2517A)
suspended in EGM-2 medium (Lonza, Cat.No. CC-3156) or with human osteogenic
cells from osteosarcoma (Saos-2; European Collection of Cell Cultures, Salisbury,
UK, Cat. N0.89050205) suspended in McCoy’s medium (Sigma, Cat. No. M4892).

EGM-2 medium was supplemented with 2% fetal bovine serum and other
supplements (Lonza, Cat. No. CC-4176) and McCoy’s medium was supplemented
with 15% fetal bovine serum (SebakGmbH, Aidenbach). Both media contained
gentamicin. Each well contained 30,000 cells (i.e. approximately 16,000 cells/cm?)
and 2 mL of media. The cells were cultured at 37° C in a humidified air atmosphere
containing 5% CO, up to 7 days. In all tested time intervals, samples were rinsed
with PBS, fixed with 70% frozen ethanol (room temperature, 20 min) and stained
with Hoechst #33258, which stains the cell nuclei (Sigma—Aldrich, USA; 5 pg/ml of
PBS). It has been applied for 2 h at room temperature. The number of cells on the
material surface was evaluated on microphotographs taken under an IX 51
microscope, equipped with a DP 70 Digital Camera (both from Olympus, Japan,
objective 20x). The quantitative data are presented as mean + SEM (standard error of

mean). Three samples were used for each experimental group and time interval.
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2.4.2 Evaluation of sporicidal effect of DBD plasma

The effect of the DBD plasma on bacterial spores was studied using the B. subtilis
ATCC 6633 spores that are commonly used as a control strain for chemical
disinfectants and antiseptic testing. The samples preparation and handling was
performed in an aseptic environment in order to avoid their contamination. The spore
suspension as well as samples preparation followed the protocol proposed as a
standard biological protocol for assessing the biocidal efficacy of gas plasma devices
[117], [118] . Following this protocol, vegetative cells of B. subtilis were pipetted on
Petri dishes containing Sporulation Agar (Himedia, Mumbai, India). Petri dishes
were subsequently incubated at 30 °C for three weeks. In order to harvest the spores
sterile physiological solution (5 ml) was added to the Petri dishes and agar debris
was removed from the suspension by centrifugation. The supernatant was poured
away and 10 ml of fresh sterile physiological solution was added followed by
shaking in order to re-suspend the spore pellet. The spore suspension contained in a
sterile glass bottle was transferred to a water bath at 70 °C for 30 min. Following this
protocol prepared spore suspension can be stored for a long period of time, within
which spores maintain their viability and reproducibility. The suspension with B.
Subtilis spores was preserved in the dark inside a refrigerator at 4 °C and was used

when necessary.

Figure 2.13 SEM image of untreated Polycarbonate membrane using
for biological tests.
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For the testing of sterilization efficiency of DBD plasma polymeric membranes
(Nuclepore Polycarbonate, Whatman, with the diameter of 13 mm and pore size of
0.4 um) seeded with bacterial spores were used. The SEM image of Polycarbonate
(PC) membrane is represented in Figure 2.13. For inoculation, 1.2 ml of prepared
spore solution with concentration of approximately 10" colony formit units per ml
was spattered through the autoclaved membrane (121 °C for 15 min) inside a filter
holder (EMD Millipore Swinnex) using a syringe and a vacuum water pump for 45 s.

Such prepared samples were immediately exposed to the DBD plasma.

Bacteriasolution

PCmembrane
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High voltage low frequency power
supply
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Water pump
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Bacillus subtilis spores
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Figure 2.14 Schematic representation of biological experiments

with spores B.subtilis.

In order to determinate bacterial spore’s reduction induced by the DBD plasma
treatment standard cultivation method was used. In this method following steps were

performed. First, each treated sample was placed inside a sterile bottle with 10 ml of
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physiological saline and three glass beads and then it was shaken for 45 s to recover
spores to the solution. After the serial dilution, 100 ul of suspension was inoculated
on Petri dishes with tryptic soy agar by a sterile disposable spreader. Plates were
subsequently incubated for 24 h at 30 °C in a thermostat and grown colony forming
units (CFU) were calculated. The entire procedure is schematically represented in
Figure 2.14.

All presented data are means of at least three independent experiments. In addition,
one set of samples was autoclaved as positive control, where no viable spores were
detected.

2.4.3 Antibacterial activity of nanocomposites

Antibacterial efficiency of produced silver-based nanocomposite materials was
performed in collaboration with RNDr. Jana Beranova, Ph.D. (Faculty of Science,
Charles University). The bactericidal activity was determined by two methods: disc
diffusion test and dilution test. In both cases a gram-negative bacterium Escherichia
coli strain K12 (laboratory stock) was used as a model microorganism. Bacteria were
cultivated in Luria-Bertani (LB) agar at 37 °C until mid-exponential phase of growth
(optical density at 450 nm ca. 0.5).

In case of disc diffusion tests, the culture was diluted 1:10 in sterile distilled water
and 1 ml was placed on the surface of LB agar plate. After all liquid soaked into the
agar, a glass disc coated by silver containing nanocomposites (sterilized by UV light
for 30 min from each side) was placed onto the inoculated agar surface (the coated
side facing down). Glass coated with films of plasma polymerized HMDSO and
SiOx served as negative controls. After overnight incubation at 37°C, the plates were
photographed and the inhibition zones (clear zones where bacteria did not grew)

around discs were measured.
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Bacteria solution Incubation Serial dilution and cultivation

Figure 2.15 Steps of biological test for investigation of antibacterial activity of

nanocomposites.

To perform the dilution method, the following steps have been carried out (see
Figure 2.15). First, bacterial culture was diluted in PBS buffer to gain approximately
10° CFU-ml*. Samples sterilized before the tests by UV light (30 min from each
side) were then placed into the well plates and incubated with 3 ml of bacterial
suspension at 37 °C with shaking at 150 rpm. The cultivation time was up to 4 hours.
Afterwards, aliquots of bacterial suspension were appropriately diluted and plated on
Luria-Bertani agar plates. After incubation for 24 h 37 °C, bacterial colonies were
counted and the CFU-ml" was calculated. Glass discs were served as negative

control sample. Each reported value is the average from three replicas.
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3 Results and discussion

In this chapter the main results reached during my thesis will be summarized and
discussed. The results will be divided into two main thematic parts.

The first one relates to the modification of polymeric materials by means of
atmospheric pressure dielectric barrier discharge operated in air. In this part will be
presented not only the results describing changes in physico-chemical surface
properties of polymers (chemical composition, morphology, wettability and surface
energy) induced by plasma treatment, but also some tests focused on the possible
applications of treated surfaces. In addition, effect of DBD plasma on bacterial

spores will be briefly mentioned as well.

In the second part of this chapter results focused on the development of thin
functional coatings will be discussed. Again, possible applications of produced

coatings will be presented.
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3.1 DBD treatment of polymers

3.1.1 DBD plasma characterization

The first step of this study was characterization of used DBD setup. Typical
waveforms of voltage and current are presented in Figure 3.1a. It is obvious that he
employed discharge operates in multi-filamentary mode, which is characterized by
sharp current bursts. Detailed temporal behavior of discharge pulses evolving during
both positive and negative half-cycles is presented Figure 3.1b and Figure 3.1c. It
can be seen that during both intervals the current pulses are characterized by similar
durations (tens of ns) and amplitudes (hundreds of mA) causing the transient
distortion of the high voltage waveform (typical voltage drop during a current pulse
AU was 200-300 V). Statistical analysis of recorded waveforms revealed that the
number of current pulses, which correspond to individual micro-discharges, varies
from 7 x 10> micro-discharges per second observed for the applied peak-to-peak
voltage 9.6 kV up to 1.5 x 10° micro-discharges per second for the peak-to-peak
voltage 10.8 kV.
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Figure 3.1 a) Current and voltage waveforms recorded for the applied peak-to-peak
voltage of 10.4 kV and averaged characteristics of discharge pulses produced during

the b) positive and c) negative half-cycle.
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Figure 3.2 Lissajous Q-V figures corresponding to the DBD powers
of 20, 30 and 40 W.

The discharge power was determined from so-called Lissajous figures that represent
the transferred charge Q flowing into the circuit as a function of the voltage
difference between the electrodes [119]. As it is depicted in Figure 3.2 obtained
Lissajous figures have the shape of a parallelogram, which is common for planar
DBD configurations [13], [119]. The power consumed may be than calculated from
the area of the Lissajous figures. It ranged from 20 W up to 40 W as the peak-to-peak
voltage increased from 9.6 kV up to 10.8 kV. Taking into account the area of the
powered electrode and the discharge gap, the power density was estimated to be in

the order of tens of W per cm™>.

In order to estimate the composition of used DBD plasma, optical emission spectra
were recorded in the spectral range from 300 nm to 900 nm. As can be seen in
Figure 3.3 the only detectable spectral emission bands and lines were the ones that
correspond either to the first and second positive systems of N, (in the wavelength
range 500-900 nm and 300-450 nm, respectively), the first negative system of N,
(around 391 nm) and weak emission lines of atomic oxygen. However, the most
intense spectral bands that dominated the emission spectra were the ones belonging

to the second positive system of N, (C?’Hu — B3Hg). It was observed that the
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intensity of spectral bands belonging to this emission system increased with

increasing DBD power - the intensity was approximately doubled as the power

increased from 20 W to 40 W (see Figure 3.4).
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Figure 3.3 Characteristic emission spectra of the volume asymmetric DBD produced

in humid air.

However, no significant variations of T, were observed with increasing the DBD

power and the vibrational temperature stayed in between 2710 K and 2860 K

independently of the DBD power. Similar values of vibrational temperature

measured for different powers suggest that the electron energy distribution function

is not significantly affected by the DBD power. Observed increase of intensities of

the detected nitrogen spectral bands is mainly due to the increasing density of the

discharge filaments with the DBD power.
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Figure 3.4 Sections of optical emission spectra recorded

at different discharge powers.

Another important parameter that is determinative for the possible use of DBD
plasma for processing of polymeric materials is temperature. According to the
detailed analysis of the first positive and negative systems of nitrogen emission
bands the rotational temperature, that reflects local heating of gas in streamer
filaments, may reach rather high values exceeding 150°C [120], i.e. temperature that
is not compatible with the majority of the polymers. Therefore in order to limit the
thermal load on treated samples, the upper electrode was periodically moved above
the lower grounded electrode, where the samples were placed. The scanning speed
was 4.0 cm.s™. Taking into account the dimensions of the moveable electrode and
the scanning speed each part of the sample was exposed to DBD plasma for 0.5 s
during one scan. The pyrometric evaluation of the temperature of surfaces of
polymeric foils placed on the bottom electrode proved that scanning mode causes
substantial reduction of the thermal load on polymeric samples: the temperature
reached after 120 scans (i.e. for total exposure time 1 min) values around 80 °C, 60
°C and less than 40 °C for DBD powers of 40 W, 30 W and 20 W, respectively. This
was furthermore confirmed by use of thermo-camera [121].
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3.1.2 Influence of DBD plasma treatments at atmospheric pressure

on properties of polymeric foils

Next step of this work was evaluation of effect of DBD plasma treatment on
common polymers. In contrast to earlier studies of other groups that were dedicated
to this topic, in our case higher number of polymeric materials was treated under
identical conditions with aim to compare the plasma action on larger set of materials.
Taking into account results presented in the previous section all tests were performed
in dynamic regime (i.e. upper electrode scanned the surface of treated samples) and
applied power of 30 W was selected as a compromise between treatment efficiency
and heating of the samples. Finally, it is worth noting that the study of plasma
influence on particular property of polymers will be usually divided into two parts.
First, results obtained for all foils will be briefly summarized. This will be than
followed by more detailed discussion of the results reached for nylon 6,6 and PET
foils selected as representative examples of observed phenomena. Analogous
experiments were, however, performed also for other polymers, but they are not

included here.

3.1.2.1 Chemical composition

First studied property of polymeric foils was their surface chemical composition that
was determined by means of XPS before and immediately after the DBD treatment.
The surface atomic concentrations of all untreated and treated foils (treatment times
1 sec and 16 sec) are presented in Table 3.1. As shown in this table, the fraction of
oxygen significantly increased on the surface for all tested polymers already after
1 sec of DBD plasma treatment duration independently of the chemical structure of
untreated polymers. This occurred at the expense of the atomic concentration of
carbon and for several polymers it was also accompanied either by appearance or
slight increase of nitrogen surface concentration. Moreover, it can be seen in
Table 3.1 that prolonged plasma treatment led for most of the polymers only to
imperceptibly small additional alterations of their surface chemical composition.

Exceptions were nylon 6,6, PP and LDPE, for which additional enhancement of
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amount of oxygen was observed as the treatment duration was increased. Such
differences are most likely due to the different structure of individual polymers or
due to their gradual etching by DBD plasma. The latter hypothesis will be discussed

in detail in the section 3.1.2.5.

Table 3.1 Chemical composition of untreated and DBD plasma treated polymeric

foils measured by XPS.

Polymer tre;mg:tf[s] C [%] O[%] N [%] oIc NIC
0 76 13 11 0.17 0.14
Nylon 6,6 1 70 18 12 0.26 0.17
16 61 26 13 0.43 0.21

0 72 28 0 0.39 0
PET 1 64.5 35 05 0.54 0.01
16 62 37 1 0.60 0.02
0 71 27 2 0.38 0.03
PEN 1 63 335 35 0.53 0.06
16 63 29 8 0.46 0.13
0 925 55 2 0.06 0.02
PP 1 83 16 1 0.20 0.01
16 67 32 1 0.48 0.01

0 100 0 0 0 0
LDPE 1 815 18 05 0.22 0.01
16 67.5 315 1 0.47 0.01

0 80 20 0 0.25 0
PEEK 1 75 24 1 0.32 0.01
16 73 26 1 0.36 0.01

0 745 255 0 0.34 0

PMMA 1 68 32 0 0.47 0
16 64 355 05 0.56 0.01

Alongside with increasing O and N surface concentration, also the abundance of
functional groups was varied and new functional groups were formed on surfaces of
treated foils after the treatment. This effect is most easily observable for polyethylene
foils, for which only C1s peak at 284.8 eV that corresponds to aliphatic C-C/C-H
bonds was detected in XPS spectra (see Figure 3.5, a). After 1 sec of DBD
treatment, C1s peak changed dramatically (see Figure 3.5, b) and new components
appeared that can be attributed to -shift of the carbon atom adjacent to a carboxyl
group (285.7 eV), C-O groups (286.5 eV), carbonyl groups (C=0, around 288 eV)
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and ester and/or carboxyl groups (O-C= O) positioned at 289.3 eV. Presence of C-O
and C=0 bonds was confirmed also by high resolution XPS spectra of Ol1s peak
(Figure 3.5, c).

C1s untreated i C1s treated O1s treated

C=0

C-C/C-H
C-C/C-H C-O
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a) b)

Figure 3.5 High resolution C1s peak of a) untreated and b) DBD treated LDPE.
c) High resolution O1s peak of DBD treated LDPE.
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Figure 3.6 Mechanism of modification of polyethylene in DBD plasma.

According to the experiments focused on plasma treatment of polymers in oxygen-
containing plasma [122], these results may be interpreted as schematically depicted

in Figure 3.6. First, atomic oxygen that is produced in DBD plasma interacts with
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hydrocarbon chain and forms hydroxyl species that gives rise to C-O component of
C1s peak. This is repeated and diols may be formed. Due to the rearrangement, chain
scission occurs, which is accompanied by the formation of carboxylic acid -COOH.
This may explain both the decrease of C-C/C-H bonds and the rise of amount of O-
C=0 functional groups. Alternatively, diols may lose water to form a ketone. This
results again in a decrease of C-C/C-H bonds and in a formation of carbonyl groups
(C=0).
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Figure 3.7 High resolution C1s XPS peak of PET a) before and b) after DBD
treatment. High resolution O1s XPS peak of PET c) before and d) after DBD

treatment.

Alteration of surface chemical structure induced by plasma treatment may be
documented also on PET foils. Also in this case the plasma treatment resulted in
increase of components of Cls peaks that correspond to C-O and O-C=0 or O-C-
OH, respectively (compare Figure 3.7, a and Figure 3.7, b). Moreover, as PET
contains oxygen in its native structure, effect of DBD on bonding state of oxygen
may be demonstrated as well. In the case of Ols peak observed changes suggest
decrease of amount of C=0O functional groups (binding energy 531.7 eV) that is
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counterbalanced by relative increase of abundance of C-O groups at binding energy
of 533.3 eV (see Figure 3.7, ¢ and Figure 3.7, d). These changes, i.e. increasing
ratio of C-O/C=0 bonds after the plasma treatment, which are in agreement with
results presented and in detail discussed for plasma treatment of PET foils with
Diffuse Coplanar Surface Barrier Discharge [123], were observed also for other

oxygen-containing polymeric foils studied in the frame of this work.
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Figure 3.8 High resolution XPS spectra of C1s peak of nylon 6,6 a) before and
b) after DBD treatment.

Final example is nylon 6,6 as this polymer is the only one from the tested polymers
that contains nitrogen. The Cls XPS peak measured on untreated nylon foil was
fitted by three components as shown in Figure 3.8, a. The component at the binding
energy of 285 eV was attributed to C-C/C-H bonds, the component at the binding
energy of 285.9 eV was assigned to the carbon atoms bonded to the -NH- group in
nylon 6,6, and the component at the binding energy of 288 eV is characteristic for
carbon atoms of amide carbonyl groups (CO-NH) [124]. After the DBD treatments
in air following changes in C1s peak were observed (Figure 3.8, b): besides decrease
of C-C/C-H component and increase of C=0 new component appeared in C1s XPS
spectra after the plasma treatment at the binding energy around 289 eV. In agreement
with other studies [34], this component indicates again formation of O-C=0

functional group.
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In analogy to above-discussed XPS spectra of PET, plasma treatment leads to

enhancement of C-O bonds that happens on expense of C=0 bonds (see Figure 3.9).
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Figure 3.9 High resolution XPS spectra of O1s peak of nylon a) before and
b) after DBD treatment.

Finally, plasma treatment influenced also N1s XPS peak, which is demonstrated in
Figure 3.10. For untreated nylon foils N1s peak may be fitted by one component at
the binding energy of 399.9 eV, which is typical for amides.
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Binding energy [eV] Binding energy [eV] )
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Figure 3.10 High resolution XPS spectra of N1s peak of nylon 6,6 a) before and
b) after DBD treatment.

After the DBD plasma treatment two new components were observed at binding
energies around 401.5 eV and 407 eV. Whereas the peak at 407 eV may be identified

as nitrate nitrogen [124], the peak at 401.5 eV suggests either nitrogen bonded to
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highly oxidized carbon (e.g. hydroxyimide structure) or the presence of hydrogen
bonded to amide nitrogen. In the latter case the chemical shift of the binding energy
may be assigned to an increase in the positive charge of the nitrogen atom produced

by hydrogen bonding [125].

3.1.2.2 Surface morphology

The second investigated surface characteristic was morphology of polymeric foils.
Although the initial morphology of studied polymeric foils differs significantly
(some foils were smooth with randomly distributed ridges originated from the
manufacturing process, some exhibited rather rough granular- or star-like structure)

plasma treatment in general caused an increase of their roughness (see Table 3.2).

Table 3.2 RMS roughness of untreated and DBD treated polymeric foils.

Polymer RMS [nm]
Time of treatment [s]
0 1 8 16

Nylon 6,6 14.5%+1.2 15.2+0.8 14.610.8 17.9+2.4
PET 1.1+0.1 3.2+0.2 6.2+0.2 8.1+1.1
PEN 6.410.6 7.911.0 12+1.8 17.543
PP 20.745.3 23.948.2 42+0.8 68.8+3.5
LDPE 14.8+2.3 15.6+1.2 17.5+1.3 22.9+1.0
PEEK 1.640.1 3.8£0.4 3.440.2 4.6%0.3
PMMA 9.440.3 10.9+0.1 10.6%1.9 11.9+0.8
PLA 4.6%0.2 5.3#0.1 13.240.2 13.440.3
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Closer look on acquired AFM images allows us to divide tested polymers into two
groups in dependence on the plasma action. The first group, into which fall PET,
PEN, PEEK and PMMA, exhibited appearance of small almost circular “bumps”
after the plasma treatment (see Figure 3.11). The size of these bumps gradually
increased with DBD treatment time, but the overall character of the surface
morphology was not changed. According to literature such structures may be result

of differences in the etching rates of amorphous and crystalline regions of polymers
(e.0. [37], [126] ).

Figure 3.11 Sections of AFM images of a) PET, b) PEN, c) PEEK and d) PMMA
of untreated (left) and DBD treated for 1 sec (middle) and 8 sec (right) foils

The second group, into which belong PP, LDE, nylon 6,6 and PLA, showed different
behavior — in addition to small “bumps” observed also for the first group,
considerable larger and in some cases rather irregular structures were formed on their
surfaces after the plasma treatment. This can be seen in Figure 3.12. Possible
explanation of the origin of the bigger structures is the local heating of foils surfaces
at locations, where the foil was hit by the plasma channel. This hypothesis is
supported by the fact that all the polymers in the first group pose much higher

thermal stability as compared to all polymers in the second group.
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Figure 3.12 Sections of AFM images of a) PP, b) LDPE, c) nylon 6,6 and d) PLA
of untreated (left) and DBD treated for 1 sec (middle) and 8 sec (right).

In order to test the hypothesis that larger structures are connected with local heating
of foils additional experiments were done. Nylon 6,6 was used for these experiments.
As it was mention above, the temperature of plasma treated surfaces reached 60 °C
after 1 minute of treatment at 30W. Nylon foils were therefore exposed to hot air at
80°C for 2 min and AFM image of such treated foil was compared with AFM image
of untreated foil. As can be seen in Figure 3.13, no differences in morphology
between heated and non-heated samples were observed. This suggests that the
changes observed after the DBD treatment are not due to the homogeneous heating

of polymeric foil and must be connected with plasma action itself.

In the second set of experiments the plasma treatment was divided into 8 treatments
for 4 seconds separated by 10 min cooling period, i.e. time sufficient for the foil to
come back to the room temperature. This procedure limited thermal load on the
treated foil. Another sample was then treated in continuous mode for 32 seconds. The

total time of plasma exposure for both samples was the same. As can be seen in
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Figure 3.14, their morphologies are very similar in both cases. As the thermal load
on both samples was dramatically different, this result confirms that observed
changes in the morphology of nylon 6,6 are indeed connected with the plasma
treatment (or “plasma dose”) — most likely resulting in substantial local heating.
However, it is important to stress that further experiments are still needed to confirm

this hypothesis.

150 nm

5um

Figure 3.13 AFM images of untreated nylon 6,6 (left) and nylon 6,6 exposed to hot
air for 2 min (right)

190 nm

0nm
5um

Figure 3.14 Comparison of 10 x 5 pum AFM scans of nylon foil after 32 s of DBD

treatment performed at once (left) and in 8 steps (right)
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3.1.2.3 Wettability and surface energy

Next step was evaluation of wettability and surface free energy of polymer’s surfaces
after the DBD plasma treatment. Each of the polymeric foils was in this set of
experiments exposed to the DBD plasma for 1 sec, 8 sec and 16 sec. In agreement
with other studies the decrease of water contact angles was observed for all tested
polymeric foils as can be seen in Table 3.3, where values of static, advancing and

receding water contact angles are summarized.

It can be seen that already 1 sec of plasma treatment led to significant increase of
wettability. After prolonged plasma exposure the values of water contact angles
slowly decreased but not as dramatically as during the first seconds of the treatment.
In order to highlight observed changes, static water contact angles measured before

and after 16 sec plasma treatment are graphically presented in Figure 3.15.

Untreated DBD treated for 16 sec

PLA
PMMA
PEEK
LDPE
PP
PEN
PET

Nylon

I T T T T T T 1
120 100 80 60 40 20 O 20 40 60 80 100 120
Static water contact angle [°]

Figure 3.15 Static water contact angles measured on different polymeric foils before

and after 16 sec DBD plasma treatment.
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Table 3.3 WCA of untreated and DBD plasma treated polymeric foils.

Polymeric | Treatment Static Contact Advancing Contact Receding Contact
foil time [s] Angle [°] Angle [°] Angle [°]
0 66.5 +3.9 70.4 4.4 40.7 £5.7
1 29.8+2.1 32.510.2 9.4 +0.9
Nylon 6,6

8 25.7 +0.9 26.7 +0.3 9.6 +1.0
16 23.6+0.4 24.6 +0.5 9.5+0.4
0 69.4 +2.7 81.7 2.5 52.0 1.0
38.8+2.1 46.5+2.3 9.7+1.0

PET
8 27.4 +1.5 31.9+2.2 6.6 0.6
16 25.4+1.9 28.5+1.1 6.7 0.6
0 66.5 1.3 75.6 £1.7 52.3+3.1
1 50.0 +1.9 60.3+1.6 17.943.4

PEN
8 24.6 3.7 30.2 0.3 11.7 +0.3
16 19.3+0.6 22.9+2.9 5.8 +1.0
0 77.4+3.4 88.71.9 52.0154
pp 1 61.4 0.8 64.7 1.6 34.143.3
8 60.1 +0.7 60.9 1.6 33.0+4.8
16 58.5 0.7 58.3£3.6 25.8+3.6
0 96.0 +2.7 99.2 £2.8 78.0£3.0
1 54.4 2.5 622 0.9 27.3+1.4

LDPE
8 41.8+2.9 54.31+2.2 225+1.4
16 43.7 £3.8 54.4 +1.6 17.4 1.7
0 77.7 £0.4 80.5+1.0 26.9+6.0
27.8+1.1 32.4+1.0 11.5+1.6

PEEK
8 21.2+1.8 249+2.3 6.9+1.0
16 18.0+0.4 22.7 £0.5 6.9 +0.8
0 73.7+1.1 88.6 10.4 57.5+29
58.3+1.8 70.7 £1.8 28.9+1.0

PMMA

8 56.4 £4.1 70.0£1.1 23.4+2.8
16 59.6 £3.8 69.8 10.4 17.4+2.0
0 71.2 0.8 76.110.3 66.6 +1.3
1 56.0 1.0 63.9+1.2 39.4+14

PLA
8 543+1.9 58.7 0.8 27.9+1.2
16 51.5+3.5 57.5+1.8 20.8 £2.5
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The changes in wettability are due to the rapid change of surface energy. It has been
found that plasma treatment for all tested materials caused predominantly the rise of
polar component of surface energy, whereas its dispersive part was almost
unchanged (see Figure 3.16). This is in agreement with the results of XPS that
indicated increase or formation of oxygen or nitrogen containing functional groups
on plasma treated polymers (see section 3.1.2.1). Furthermore, the strong correlation
between wettability and surface energy was confirmed experimentally, which is
evident from Figure 3.17, a, where is plotted the dependence of water contact angle

on total surface energy for both untreated and DBD treated polymeric foils.
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Figure 3.16 Evolution of polar and dispersive components of surface energy with

DBD treatment for different polymeric foils.

Although it is quite difficult to make direct link between the wettability and surface
chemical composition derived from XPS spectra, general trend that correlates these
two quantities was observed. As can be seen in Figure 3.17, b, the values of water
contact angles follow for all tested samples the same trend — they decrease as the

fraction of oxygen and nitrogen at surface increases.
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Figure 3.17 a) Dependence of measured values of water contact angles on total
surface energy. b) Dependence of water contact angle on O+N surface concentration.

However, the wettability was not stable and gradual increase of water contact angles
with storage time was observed for all polymers. For examples of nylon 6,6 foils and
PET foils refer to Figure 3.18. This effect, that is sometimes termed ageing or
hydrophobic recovery, is explained either by reorientation of polar functional groups
on a polymeric surface, outward-diffusion of low-weight oligomers or additives
and/or by accumulation of air-born impurities [35], [36], [127]. In order to quantify
the ageing process, the time dependence of the static water contact angle on the
storage time was fitted by empirical formula [128]:

t

0(t) =0, —A-e = (3.1)

where 6, corresponds to the saturation contact angle, A is the fitting parameter
and 7 represents the characteristic restoration time of the contact angle. According
to the fitting procedure of measured data the characteristic time z was determined to
be 1 and 7 days for nylon 6,6 and PET, respectively.
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Figure 3.18 Dependence of water angle of DBD treated for 8 sec a) nylon 6,6 and
b) PET foils on storage time.

Finally, it has to be noted that even after prolonged storage time the values of water

contact angles were in all case still considerably lower as compared to the ones
measured on untreated samples.

3.1.2.4 Mechanical properties of Nylon and PET foils

Within a project preliminary tests focused on the investigation of the influence of
DBD treatment on mechanical properties of polymeric foils were performed. It was
decided to choose nylon 6.6 and PET foils as test materials for these experiments and
their mechanical properties before and after the plasma treatment were evaluated by
means of nanoindentation method.
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Figure 3.19 Variation of complex modulus with DBD treatment time for nylon 6,6
and PET foils.

The results are summarized in Figure 3.19. It can be seen that different behavior was
observed for these two polymers: whereas the value of complex modulus was not
significantly modified when nylon foils were treated by the DBD plasma up to 25 s
(complex modulus stayed in the range 4.6-6.9 GPa), DBD treatment caused
considerable increase of complex modulus in the case of PET (from 3 GPa up to 11
GPa). The latter may be possibly explained by enhanced crosslinking of the surface
layer of PET foils induced by plasma treatment. Although performed measurements
proved that nanoindentation may be used to study changes of mechanical properties
of plasma treated polymeric foils, more detailed and systematic studies are needed to

allow drawing relevant conclusions.

3.1.2.5 Plasma etching of conventional polymers

The action of atmospheric pressure air DBD plasma on polymers was also
investigated with focus given on the etching rates of these materials, i.e. phenomenon

usually overlooked in literature related to atmospheric pressure DBD treatment of
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polymers. The etching rates were measured for all polymers at DBD power of 30 W
gravimetrically, i.e. by weighting the foils before and after the plasma treatment. In
all cases the decrease of the mass of treated polymers was linearly dependent on the
treatment time, i.e. the etching rates were temporally stable, at least for the treatment
times used in this study. Measured values of etching rates calculated from the mass
loss, known area of treated foils and under assumption that the density of polymeric
foils is not influenced by the plasma treatment were found to be several nm per
minute. This value is comparable with the results of DBD etching of photoresist
(~ 3 nm/min [129] ).

However, the measured rates of the mass losses were found to significantly vary in
dependence on the chemical structure of treated polymer as demonstrated in
Figure 3.20. The slowest etching effect was observed for hydrocarbon polymers
(LDPE and PP) and the highest one was reached for PLA. These results are in
qualitative agreement with the results reported for the low-pressure plasma treatment
in oxygen containing atmosphere that showed that the presence of oxygen in the
polymeric structure enhances, at otherwise identical treatment conditions, the etching
rates of polymers (e.g. [130]). In order to highlight this effect, the mass loss rates
were plotted as a function of O/C ratio in untreated polymers (Figure 3.20, b). It can
be seen that etching rate substantially increases with increasing O/C ratio. This
suggests that the key parameter that influences the removal rates of polymers by air

DBD plasma is indeed presence of oxygen in their structures.

Furthermore, the etching, i.e. gradual volatilization of treated polymers, may be
behind the dependence of the surface chemical structure on the treatment time
discussed in section 3.1.2.1. Non-negligible etching of the top most layer causes
continual removal of plasma modified layer and thus non-modified (“fresh”) polymer
is exposed to the plasma. Removal and surface modifications should at some point
reach the steady-state at which the chemical changes and removal is in equilibrium.
The moment at which the steady-state is reached naturally depends on the rates of
both processes. As pointed out, the slowest etching was observed for polymers that
have no oxygen in their native structure, i.e. for LDPE and PP. Following the
proposed scheme and assuming that the rates of chemical changes are the same or at
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least comparable for all tested polymers this means that the stabilization should take
for these two polymers longer time. This is in agreement with XPS data.
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Figure 3.20 a) Mass loss rates of polymers exposed to 30 W DBD plasma and b)

mass loss rates plotted as a function of [O]/[C] ratio.

3.1.3 Application of DBD plasma

3.13.1 Influence of DBD plasma on cell growth

One of possible applications, where plasma modification of polymers by atmospheric
pressure plasma is expected to play significant role, is enhancement of
biocompatibility of common polymers. In this work experiments were performed in
collaboration with Institute of Physiology, Academy of Sciences of the Czech
Republic with aim to evaluate the growth of two different types of cells on untreated
and DBD pretreated PET foils. For this study Saos-2 osteoblasts like cells and
Human Umbilical Vein Endothelial Cells (HUVEC) cells were selected. Times of

DBD plasma exposure were 1 sec and 8 sec.
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Table 3.4 Number of Saos-2 and HUVEC cells on untreated and DBD plasma
treated PET foils.

Day after SAOS cells [x10%] HUVEC cells [x10°]
seeding  Untreated 1”DBD 8” DBD | Untreated 1” DBD 8” DBD

1 15.5+0.8 17+1 17+1 0.51£0.4  8.6+0.6 8.8+0.5
3 3043 39+3 3643 7.7£0.8 20+2 35+1
7 180+8 278+14 22747 74+4 100£3 99+2

Results reached for both Saos-2 and HUVEC cells are summarized in Table 3.4. As
can be seen, slight enhancement of the growth of Saos-2 osteoblast-like cells on
DBD treated PET foils was observed. The highest increase in the number of Saos-2
cells was approximately 50% on day 7 after seeding. The maximum cell number was
obtained on foils treated with plasma for 1 s, and it slightly decreased on foils treated
for 8 s. This effect is in line with previous studies with low-pressure Ar plasma
modification of polymers that showed that shorter plasma exposure times were often
more appropriate for increasing number of vascular smooth muscle cells than longer
exposure times [131]. However, in the other time intervals (days 1 and 3), the Saos-2
cell numbers were similar on PET foils treated with plasma for 1 and 8 s and
untreated PET. This is evident also from acquired pictures of Saos-2 cells on these

three surfaces after 3 days of seeding (Figure 3.21, a, b and c).

In contrast to Saos-2 cells, plasma pretreatment of PET foils resulted in much more
pronounced increase of number of attached endothelial cells especially on day 1
(approximately 17x) and on day 3 that (approximately 4x) after seeding as compared
to untreated PET (Figure 3.21, d, e and f). Although on day 3 the increase in cell
number was more apparent on foils treated for 8 sec than for 1 sec (approximately by
20%), in the other time intervals (days 1 and 7) the cell numbers were similar on foils
treated for both times. Thus, the dependence of cell number on the plasma exposure
time was not systematic and was rather accidental. In other words, no straight
correlation between the cell number and plasma treatment duration was observed.
Taking into account increasing surface roughness of PET foils with increasing

treatment time (see Table 3.2) and almost stable surface chemical composition and
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wettability irrespective of the treatment time (see Table 3.1 and Table 3.3) this
suggests that the key factor that positively influences attachment and growth of
HUVEC cells on plasma treated PET foils is surface activation and not changes in
morphology induced by DBD plasma treatment. This can be explained by improving
of wettability, as hydrophilic surfaces are considered as more favored for cell
attachment and growth than hydrophobic ones [131].

100 pm

Figure 3.21 Saos-2 (A, B, C) and HUVEC (D, E, F) in 3-day-old cultures on the untreated
PET samples (A, D), PET foil treated by DBD for 1 s (B, E) PET foil treated by DBD for 8 s
(C,F); the cells were fixed with 70% frozen ethanol and stained with Hoechst #33258 (blue

fluorescence)

However, not only higher wettability, but also oxygen content, that is in our case
more abundant on PET foils treated by DBD plasma, has an impact to cell behavior.
It is known that oxygen groups on the surface can promote cell attachment and
proliferation. In previous studies it was observed that Saos-2 cells proliferated better
on O-terminated nanocrystalline diamond films, produced more extracellular matrix
and deposited higher amount of calcium than the cells on H-terminated films [132].

Results published in [133] showed better growth of vascular smooth muscle cells on
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O*-implanted polymers, which contained more oxygen than C*-implanted samples,
although the surface wettability of both types of samples was generally similar.

However, presented results also clearly show that an important role plays also the
kind of cells. This can be explained by different sensitivity of Saos-2 and HUVEC
cells to different stimuli — whereas Saos-2 are less sensitive because they are
maintained in artificial (i.e. in vitro) conditions for a long time, freshly isolated
endothelial cells easily answer to stimuli. This finding is of high importance, since it
clearly shows that it is not possible to generalize results obtained for one particular
cell type on another cell types and thus each cell type has to be considered

separately.

3.1.3.2 Effect of DBD plasma on bacterial spores of B. Subtilis

As it was shown in section 3.1.2.5 DBD plasma is capable to etch polymeric
materials. This is highly interesting finding in view of possible use of DBD plasma
for removal of organic pathogens from surfaces, i.e. for plasma sterilization. In order
to test the possibility to etch more complex biological samples by DBD plasma
operated in air, impact of DBD plasma on B. subtilis spores was evaluated. It has
been found, that the DBD plasma can be indeed used also as an effective plasma
source for spores etching. This is demonstrated in Figure 3.22, where SEM images
of untreated as well as plasma treated spores are presented. It can be seen that DBD
plasma had dramatics impact on the spores: whereas untreated B. subtilis spores are
ellipsoidal with smooth and undamaged external membrane (Figure 3.22, a), SEM
images of B. subtilis spores after 1 minute of DBD treatment (Figure 3.22, b)
revealed decrease of their size as well as substantial damages of their shells. Clearly
visible defects in the spores shells, that were previously reported for low-pressure
plasma treatments in oxygen containing gases (e.g. [134]) as well as for spores
exposed to Ar microwave plasma sustained at atmospheric pressure [135], indicate
erosion of spores by the DBD plasma. Within this treatment time period the mean
length and width of spores slightly decreased from (1.31+0.1) xm and (0.70+0.07)
um down to (1.23+0.13) um and (0.67+0.07) um as determined from the analysis of
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SEM images. This corresponds to an etching rate close to 0.1 nm.s *. Moreover, after
prolonged plasma exposure most of the spores were almost completely etched and
only their residues were detectable on the surface after 3 minutes of DBD plasma

duration (Figure 3.22, c).

(a) (b)

Figure 3.22 SEM images of B. subtilis spores a) before DBD plasma treatment,
b) after 1 minute of DBD treatment and c) after 3 minutes of DBD treatment.

Taking into account the initial width of spores, their almost complete etching within
180 second of plasma treatment yields etching rate of approximately 5 nm/s, which is
value comparable with the etching rates of polymeric foils discussed in
section 3.1.2.5. The difference in the values of etching rates for the initial and the
later phases of plasma treatment is most likely due to the differences in the
composition of the outer coat of spores and their inner parts. Presented data thus
suggest that the outer coat is much more resistant towards plasma etching.
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In addition to morphological changes, also the viability of spores was determined by
means of biological tests to assure sterilization effect of DBD plasma. The measured
values of the CFU of untreated samples are together with values obtained for samples
exposed for different treatment durations to the DBD plasma presented in Table 3.5.
As can be seen, the DBD treatment causes the exponential decay of the number of
survived spores with D value equal to (60 £10 s). This value is competitive with the

values reported for other kinds of atmospheric pressure systems [136]-[141].

Table 3.5 Number of survived bacterial spores and corresponding log reduction in

dependence on the treatment time.

Treatment time [sec] Numl[Jce;T:cJ/r?]a;j:terla Log reduction
0 (2.6+ 1.6)*10°

30 (1.1£0.3)*10° 0.4

60 (1.6+£0.4)*10° 1.2

120 (3.0£1.9)*10* 1.9

150 (1.4+0.9)*10* 2.3

180 (5.2+4.3)*10° 2.7

Taking into account the results of biological tests (exponential decay of the number
of surviving spores with treatment time) and the results of the SEM study (slower
spores etching in the initial phase) it can be finally concluded that there is no direct
correlation between the etching/erosion of spores and the bactericidal effect of the
DBD plasma that is thus presumably due to the produced reactive species that can
penetrate into the spores and cause their irreversible and lethal damage. However, the
etching of spores by the DBD assures their complete removal from the surface and
thus reduces possible adverse bio-relevant effects connected with the presence of

dead spores on a surface.
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3.2 Preparation of functional thin films

As mentioned in the introduction, second possible strategy to modify surfaces of
polymeric materials is their coating by thin films with desired properties. In this part
the main attention will be devoted to the investigation of SiOx and plasma
polymerized HMDSO coatings as well as their nanocomposites with silver (or C:H)
NPs. The selection of these materials was done based on their valuable properties
that make them applicable in wide range of applications, e.g. as antibacterial or
barrier coatings or as coatings with tailorable wettability. Reached results will be

summarized in following subchapters.

3.2.1 SiO, and plasma polymerized HMDSO

The first step in the study of SiO; and plasma polymerized HMDSO thin films was
the characterization of deposition process and evaluation of physico-chemical

properties of coatings produced using different oxygen/HMDSO mixtures.

Regarding the deposition process the plasma properties were monitored by means of
optical emission spectroscopy in the wavelength range from 250-800 nm. Examples
of emission spectra recorder for different gas mixture compositions are presented in
Figure 3.23. As can be seen only spectral lines of atomic hydrogen and weak CH
molecular system were present in the emission spectra of plasma operated in pure
HMDSO. Absence of oxygen lines or bands belonging to oxygen containing species
(such as CO and OH) in the emission spectra suggests very low level of
fragmentation of HMDSO molecule in the plasma bulk, which is in agreement with
previous studies (e.g. [142]). Addition of oxygen to HMDSO resulted in significant
alteration of recorded emission spectra. These changes may be summarized as
follows. First, CH molecular band rapidly disappears from the emission spectra after
addition of small amount of oxygen that is accompanied by appearance of bands
belonging to CO, OH a CO," molecules or molecular ions and spectral lines of
atomic oxygen. These changes may be explained by interaction of oxygen either with
HMDSO molecule or its fragments produced in the plasma. Further increase of
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oxygen fraction in the working gas mixture caused gradual decrease of intensities of
spectral bands of CO, OH and CO;". Possible explanation of diminishing of these
spectral systems is formation of oxygen containing species (e.g. CO,, SiO,) difficult

to be detected by optical emission spectroscopy.
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Figure 3.23 Sections of optical emission spectra of discharges sustained in different

working gas mixtures.

Above described changes in the plasma composition in turn resulted in significant
alterations of chemical composition of coatings prepared using different working gas

mixtures as witnessed by XPS measurements (see Figure 3.24).
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Figure 3.24 Dependence of chemical composition on the O,:HMDSO ratio.
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It was found, that thin films, which were deposited using only pure HMDSO have a
high amount of carbon (57%) and relatively low atomic concentration of oxygen
(16%) and silicon (27%). This corresponds to the structure typical for plasma
polymerized films with high fraction of “organic” component. In the case of presence
of oxygen in the working gas mixture the chemical composition of deposited coating
dramatically changed. As can be seen in Figure 3.24, atomic concentration of carbon
decreased at the expense of increasing of oxygen atomic concentration with
increasing of O,:HMDSO ratio up to 20. Further increase of oxygen fraction in the
working gas mixture had then no significant impact on the chemical composition of
deposited coatings that exhibited glass-like structure with negligible carbon content
and Si to O, ratio close to 0.5, i.e. structure close to stoichiometric SiO,. These
findings are in qualitative agreement with previous studies using mixture of HMDSO
and oxygen [143], [64].

As the surface free energy and with it connected wettability of deposited coatings
strongly depends on their chemical composition, significant changes in these
characteristics were observed in dependence on the used working gas mixture. The
Figure 3.25 represents the results of water contact angle and surface energy

measurements in dependence on O,:HMDSO ratio.
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The wettability as well as the surface energy grows up with increasing of fraction of
oxygen in the working gas mixture. Namely the water contact angle decreased from
101.4° observed for coatings produced in pure HMDSO vapors down to 15° for the
films deposited using O,:HMDSO ratio 60:1 (see Figure 3.26). This behavior is
consistent with decrease of hydrocarbon (non-polar) content in the coatings and
increasing their silica-like character with increasing amount of oxygen in the

working gas mixture.

a) b)

Figure 3.26 Water droplets deposited of coatings deposited in a) O,:HMDSO 60:1
and b) pure HMDSO working gas mixture.

Taking into account the obtained data, discharge mixture with ratios of 0:1 and 60:1
of O,:HMDSO, i.e. mixtures that correspond to the production of hydrophobic
plasma polymerized HMDSO (further in the text just pHMDSO) and hydrophilic
silicon oxide-like (further in the text just SiOy) films, were chosen for further studies.
Mechanical properties of pHMDSO and SiOx coatings were investigated by
nanoindentation method. For these measurements, the thickness of prepared coatings
was fixed at value of 200 nm in order to limit possible influence of substrate material
on the measurements. The laboratory soda-lime glass was chosen as a reference
material. As can be seen in Figure 3.27, where values of complex modulus of
laboratory glass, SiOx and pHMDSO films are presented, complex modulus of
produced SiOx coatings is approximately two times higher than the value measured
for pHMDSO, but it is still lower as compared to the value measured for

conventional laboratory glass. Thus, besides of chemical composition and wettability
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the mechanical properties of deposited coatings can also be controlled by choosing of
appropriate working gas mixture during the deposition process.
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Figure 3.27 Complex modulus of laboratory glass, SiOx and pHMDSO films.

To conclude this part it was shown that it is possible to tailor chemical structure
(from the one common for plasma polymers to inorganic silicon oxide-like),
wettability (from hydrophobic to super-hydrophilic character), or mechanical
properties (complex modulus ranging from 7 to 16 GPa) of produced coatings by
changing the amount of oxygen in the working gas mixture. This, as it is going to be
demonstrated in the following text, is beneficial in terms of production of novel
functional coatings with tailorable antibacterial behavior, wettability and barrier

properties.
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3.2.2 Antibacterial nanocomposites

The first possible application of pHMDSO and SiOy films that is going to be
discussed in this work is their use for the fabrication of antibacterial nanocomposites
based on Ag nanoparticles. Ag/pHMDSO and Ag/SiOyx nanocomposites will be
examined not only from the point of view of their antibacterial behavior, but also
their morphology, chemical composition and stability in water will be investigated.
Considerable attention will be paid to the ability of nanocomposites to release silver
ions that is directly related to the aptitude of Ag containing nanocomposites to

destroy and inhibit the growth of bacteria.

3.2.2.1 Characterization of silver nanoparticles

First of all, before fabrication and investigation of silver containing nanocomposites,
it is necessary to characterize pure Ag nanoparticles. These were fabricated by means
of a gas aggregation source (GAS) of own construction that was in more details

described in previous work [87].

The first method employed for the characterization of Ag NPs films was UV-Vis
spectrophotometry. Examples of UV-Vis spectra of Ag NPs produced by GAS and
deposited onto pHMDSO or SiOy substrates at different deposition times are shown
in Figure 3.28. As can be seen, clear absorption peak connected with localized
surface plasmon resonance (LSPR) of silver NPs was detected in the UV-Vis spectra.
The intensity of this LSPR peak increased with deposition time of Ag NPs, which
corresponds to increase of their amount on a substrate. In addition, LSPR position
and shape were found to be independent of the deposition time, which indicate that
the size of Ag NPs is not influenced by the time of deposition. As highlighted in
[144] this represents one of the key features of NPs deposition by GAS systems that
differentiate this deposition strategy from more commonly used technique for NPs
production - magnetron sputtering — for which the size of produced NPs is strongly

linked with the deposition time.
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Figure 3.28 UV-Vis spectra of Ag NPs deposited at different deposition time on
a) pHMDSO and b) SiOy substrate. Ag NPs were produced by GAS.

The independence of size of NPs of the deposition time was also confirmed by SEM
images, which are presented in Figure 3.29. The amount of Ag nanoparticles
increased with time of deposition, while the average diameter of Ag NPs stayed
constant. More detail statistical analysis of the SEM images is summarized in Figure
3.30, which represents the dependence of number of Ag NPs and their diameter on
the deposition time. According to this data processing the deposition rate was found
to be 225+15 NPs- umfz-minf1 and the mean size of NPs was 1445 nm. Such width
of size distribution of produced NPs as well as occasional appearance of higher- size
NPs visible in Figure 3.30 is common for gas aggregation sources operated without
utilization of mass or size filtration of produced NPs. Nevertheless, despite this the

relative fraction of NPs with diameters higher than 25 nm was lower than 3%.
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Figure 3.29 SEM images of Ag nanoparticles deposited for different deposition
times: a) 15s, b) 30s, ¢) 60s, d) 120s.
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Figure 3.30 Dependence of the number of deposited NPs and their sizes

on the deposition time.
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3.2.2.2 Characterization of Ag/pHMDSO and Ag/SiOx nanocomposites

Nanocomposites containing Ag NPs were subsequently fabricated by sequential

deposition of pHMDSO or SiOy layers and Ag NPs (see schematic illustration in

Figure 2.4). Such Ag/pHMDSO and Ag/SiOx nanocomposites were analyzed

concerning their optical properties first. As can be seen in Figure 3.31 increasing the

number of interlayers of Ag nanoparticles resulted in enhancement of the intensity of

LSPR peak of silver, which confirmed increasing amount of NPs in the coating. The

difference in appearance of UV-Vis spectra recorder for Ag/pHMDSO and Ag/SiOx

nanocomposites may be ascribed to differences in the dielectric constants of

pHMDSO and SiOy that influences the position of maxima of LSPR peak as well as

to possible partial oxidation of Ag NPs when oxygen rich working gas mixture is

used.

Absorbance [a.u.]

Absorbance [a.u.]

Figure 3.31 UV-Vis spectra as dependence on interlayer numbers of Ag NPs in
a) pHMDSO and b) SiOx matrixes. For comparison is presented also UV-Vis
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Chemical composition of nanocomposite coatings with one interlayer of Ag NPs
sandwiched in between two layers of either pHMDSO or SiOy matrix is presented in
Table 3.6. In both cases the surface elemental composition that was determined by
XPS was found to be similar to the one observed for coatings without Ag NPs except
appearance of small peak of silver in the XPS spectra (corresponding to atomic
concentration of silver 1-1.5%). It is important to stress that such small atomic
percentage of detected silver does not reflect the fraction of silver in the coatings,
which is due to the fact that the overcoat thickness of 10 nm used in these
experiments is commensurable with the analysis depth of XPS. However, based on
XPS data it is possible to conclude that the presence of Ag NPs does not markedly

influence the chemical composition of pHMDSO and SiOy overlayers.

Table 3.6 Chemical composition of nanocomposites based on silver nanoparticles

inside pHMDSO and SiOx matrixes. Thickness of overcoat was 10 nm.

Nanocomposite 0O [%l] C [%] Si [%] Ag [%]
pHMDSO/Ag/pHMDSO 24 52 23 1
SiO,/Ag/SiOy 58 10.5 30 1.5

Subsequently, stability of silver containing nanocomposites based on both pHMDSO
and SiOx matrixes was studied. The results of UV-Vis measurements of the samples
before and after their immersion in water are presented in Figure 3.32 a) for 10 and
b) 20 nm of thickness of the top layers. As can be seen in Figure 3.32, a, only a
slight red shift of Ag LSPR peak (up to 4 nm) was observed for
pHMDSO/Ag/pHMDSO nanocomposites within 7 days of water immersion for 10
nm thick overcoat layer, while in the case of SiO./Ag/SiOy for the same time of
immersion the LPSR maxima exhibited much more pronounced shift to the lower
wavelengths (up to 30 nm). Intensity of LPSR peaks decreased both for
pHMDSO/Ag/pHMDSO and SiO,/Ag/SiOx nanocomposites with 10 nm top layers.
Since the position and shape of LPSR peak of silver is very sensitive to size, density
of Ag nanoparticles in nanocomposites and their interactions with matrices, observed

80



changes may be follows. Red shift in the case of

pHMDSO/Ag/pHMDSO nanocomposites and blue shift in the case of SiOx/Ag/SiOx
nanocomposites are connected with specific Ag NPs and pHMDSO or SiOx matrix

interactions [145].
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Figure 3.32 UV-VIS spectra of pHMDSO/Ag/pHMDSO and SiOx/Ag/SiOx

nanocomposite before and after immersion in water.

Decrease of absorption maxima of SiO,/Ag/SiOx and pHMDSO/Ag/pHMDSO
nanocomposites is probably due to the decrease of the mean size of Ag nanoparticles.
This is most likely connected with oxidation of Ag nanoparticles by oxygen
dissolved in water, which leads to release of Ag® ions and consequently to partial
dissolution of Ag nanoparticles. Reduction of mean size of Ag NPs inside SiOy films
was also proved by SEM images, which are depicted in Figure 3.33. Amount of
smaller Ag NPs inside the SiOy matrix increased after water immersion for 2 days
and the mean size of Ag NPs decreased from 26.9+6.1 nm down to 23.3+6.7 nm. In
contrast, mean size of Ag NPs inside pHMDSO matrix stayed constant at value of
17.2+5.5 nm after 2 days in water (Figure 3.34). The difference between this value
and value reported in Figure 3.29 is due to the presence of overcoat layer that leads
to apparent increase of size of NPs. In addition, for different overcoats their growth
on Ag NPs may differ and thus the appearance of samples with Ag NPs overcoated
with SiOy and pHMDSO may vary.
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Figure 3.33 SEM images of SiOx/Ag/SiOx nanocomposite a) before and b) after
2 days immersion in water. Thickness of overcoat layer of SiOx is 10 nm.
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Figure 3.34 SEM images of pHMDSO/Ag/pHMDSO nanocomposite a) before and

b) after 2 days immersion in water. Thickness of pHMDSO overcoat is 10 nm.
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In contrast to the situation when 10 nm overlayers were used, no significant changes
in UV-Vis spectra were detected for nanocomposites with 20 nm of overcoat
thickness of SiOx or pHMDSO (see Figure 3.32, b). This indicates that at larger
thicknesses the top layer acts as a barrier, which prevents the penetration of water
into the nanocomposite and hence disables the release of silver ions. Because silver
dissolution that is connected with silver ion release is crucial for assurance of
antibacterial behavior of silver containing nanocomposites thickness of top and inter

layers was chosen as 10 nm for further studies.

3.2.2.3 lon release from Ag/pHMDSO and Ag/SiOx nanocomposites

As mentioned above, the antibacterial nature of Ag-based nanocomposites is
connected with their ability to release Ag” ions. Because of this it is necessary to
evaluate the quantity of released silver ions and kinetics of this process that was done
during my scientific mission at Kiel University (Germany). In order to evaluate the
effect of SiOx or pHMDSO overlayer on the ability of prepared nanocomposites to
release silver ions, the first experiments were done with Ag NPs deposited for 2 min
(approximately 500 NPs/um2) onto SiOyx or pHMDSO films and with samples that
contained the same amount of Ag NPs, but overcoated with either SiOyx or pHMDSO

films with thicknesses 10 nm.

As expected, the fastest initial release of silver ions was observed for uncoated Ag
NPs, i.e. NPs that were in direct contact with water, independently of the underlying
material. Moreover, as can be seen in Figure 3.35, after 1 day in water the amount
of released silver for bare silver nanoparticles reached the value around 1.25
ug-em 2. Taking into account SEM images of samples immersed for 1 day in water
that revealed the presence of NPs on the substrate (Figure 3.36) the NPs were not
fully dissolved in water. Observed saturation is thus due to the passivation of
metallic Ag NPs (e.g. by thin oxide layer or impurities) that prevents further Ag™ ion

release.
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Figure 3.36 SEM images of bare Ag NPs after 1 day in water.

Another important finding that is visible in Figure 3.35 is markedly different kinetics
of Ag" ion release from pMHDSO/Ag/pMHDSO and SiO,/Ag/SiOy sandwiches: as
can be seen much higher amount of released silver ions was observed for SiOy-based
nanocomposites as compared to Ag NPs overcoated by pHMDSO. This finding is in

qualitative agreement with previous study performed with sputtered silver overcoated
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with pHMDSO and SiOx-like thin films [113]. In the case of SiO,/Ag/SiOy
nanocomposites, the silver ion release rate gradually decreased with immersion time
in water from about 1.1 pgrem >-day ' observed for 2 h immersion down to
approximately 0.05 pg-cm >-day * observed between 3 and 7 days of immersion in
water. These values are comparable with the results reported for Ag/amino-
hydrocarbon nanocomposites prepared by Ag co-sputtering [80] and indicate so-
called burst release of silver that lasts few hours for samples that are in contact with
water. On the other hand, much lower, but temporally stable release of silver ions
was observed for pHMDSO/Ag/pHMDSO coatings. The value of Ag” release rate
was in this case close to 0.002ug-cm 2-day . However, it is important to stress that
the silver nanoparticles remained in both cases in the nanocomposite and were not
“washed” away (see Figure 3.33 and Figure 3.34) and thus do not enter into the
surrounding aqueous media. This is important mainly with respect to possible use of
such nanocomposites, since it prevents undesirable release of Ag NPs in to the

environment.

Observed differences in behavior of silver ion release Kkinetics from
pHMDSO/Ag/pHMDSO and SiO,/Ag/SiOy coatings indicate different rate of water
permeation into these two kinds of coatings that may be ascribed to their different
wettability as suggested by Alissawi et al. [113]. In addition, the faster Ag"* release
from SiO./Ag/SiOy films as compared to pHMDSO/Ag/pHMDSO nanocomposites is
consistent with recent experiments that were performed by Blanchard et al. [146].
These authors studied the water uptake ability of pHMDSO and SiOy films by means
of neutron reflectometry and infrared spectroscopy and proved faster permeation of
water into SiOx films as compared with pHMDSO ones. Such behavior is due to the
reaction diffusion mechanism, in which silanol groups are formed along the siloxane
network upon reaction with water. Highly hydrophilic silanol groups that are more
readily formed in SiOy4 coatings consequently promote water penetration into the

coatings that in turn facilitates the silver ion release.

Other possibility, how to tailor the silver ion release is to vary the amount of Ag NPs
in the nanocomposites. In order to evaluate the dependence of the Ag™ release on the

amount of Ag NPs two different strategies were followed.
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The first option tested in this study was based on the variation of the deposition time
of NPs. Three sets of samples were produced with 500, 1000 and 2500 NPs/um? and
thickness of the overcoat material (either SiOyx or pHMDSO) 10 nm. The amount of
released Ag" increases almost linearly with the amount of NPs presented in the
coatings as it is depicted in Figure 3.37. This confirms assumption that for the silver
ion release is crucial number of available Ag NPs.

In the second strategy, the number of silver NPs was adjusted by sequential
deposition of Ag NPs and matrix inter-layers. The deposition time of Ag NPs was 2
min and the thicknesses of individual pHMDSO and SiOy inter-layers were kept
constant and equal to 10 nm. Here it is important to stress that since the thickness of
pHMDSO and SiOy inter-layers is lower than the mean lateral distance of NPs
deposited in a single step with duration 120 seconds (see Figure 3.29), the coatings
may be still considered as nanocomposites with randomly dispersed Ag NPs rather

than multi-layered sandwich structures.
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Figure 3.37 Ag" ion release from a) SiO,/Ag NPs/SiO, and b) pHMDSO/Ag
NPs/pHMDSO nanocomposites with different amounts of deposited Ag NPs.
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Figure 3.38 Ag" ion release from a) SiO,/Ag NPs/SiO, and b) pHMDSO/Ag
NPs/pHMDSO nanocomposites with different number of inter-layers of Ag NPs.

According to the results presented in Figure 3.38, different dependence of the silver
ion release on the number of Ag NPs inter-layers was observed for Ag/SiOy and
Ag/pHMDSO nanocomposites. In the case of Ag/SiOx coatings the amount of
released Ag" increased almost linearly with the number of Ag NPs inter-layers (and
thus with the total number of Ag NPs in the coatings). This increase of amount of
released silver ions with increasing number of Ag NPs inter-layers that was observed
for all immersion times represents clear evidence that all Ag NPs including the ones
in the lowest layers are accessible by water. In contrast, no significant difference
between samples that have 2 and 5 inter-layers of Ag NPs was observed when
Ag/pHMDSO coatings were tested. This result indicates that pHMDSO protects Ag
NPs in the lower laying layers from the interaction with water. In other words, lower
laying Ag NPs are not accessible for water and thus do not contribute to the Ag*
release. Here again the explanation of the difference between SiOx and pHMDSO is
based on the differences of water penetration into these two materials. As shown by

Blanchard et al. [146] in a given time scale water can penetrate much deeper into
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SiOx as compared to pHMDSO films. In addition, the presence of NPs in the
coatings and their increasing number causes substantial increase of surface
roughness, which in the case of hydrophobic pHMDSO causes further rise of value
of water contact angle (this phenomena will be in more details discussed in
subsequent section). For instance the water contact angle measured on Ag/pHMDSO
coatings with 5 inter-layers of Ag NPs was 1374+4°, which is almost by 40° higher as
compared with smooth pHMDSO films. Highly hydrophobic character of such
coatings further limits water permeation into the nanocomposite and thus reduces the
ion release. This is an important finding with respect to the optimization of the
thickness of Ag/pHMDSO since it shows that the increase of the thickness of such
nanocomposites above certain limit does not lead to the enhancement of the ion

release rate and with it connected antibacterial performance of deposited coatings.

3.2.2.4 Antibacterial activity of Ag/pHMDSO and Ag/SiOx

nanocomposites

Final step was evaluation of antibacterial activity of produced Ag containing
nanocomposites that was done in co-operation with Dr. J. Beranova (Faculty of
Science, Charles University). Since the antibacterial efficiency of silver containing
nanocomposites is commonly related to the Ag® silver release, antibacterial tests
were performed only on selected samples that differed significantly in the level of

released silver.

The first method that was used for the determination of antibacterial potency of
produced coatings was disc diffusion test, i.e. test in which glass discs coated with
nanocomposites were placed onto the agar surface inoculated with bacteria (the
coated side facing down) and incubated overnight at 37°C. The antibacterial activity
may be then deduced form the size of the inhibition zones (clear zones where
bacteria did not grew) formed around discs. Figure 3.39 shows representative
photographs of glass discs coated with Ag/SiOx and Ag/pHMDSO and placed on

agar surface inoculated with E. coli bacteria after overnight incubation. It is clear that
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whereas for samples without any Ag NPs no inhibition zone was observed, i.e.
samples do not exhibit any antibacterial activity, and inhibition zones were formed in
the case of samples that contained Ag NPs. However, the size of the inhibition zones
was considerably bigger for Ag/SiOy coatings as compared to Ag/pHMDSO samples
and their size increased with increasing number of Ag inter-layers. These results are
in good agreement with the results of Ag ion release measurements.

‘K f‘ °

Inhibition zone

g
~1-1,5mm ~1,5-2mm b)
No Ag NPs 2 interlayers of Ag NPs 5 interlayers of Ag NPs

Figure 3.39 Photographs of glass discs placed on the Luria broth agar surface
inoculated with E. coli, after overnight incubation. a) discs coated with pHMDSO
and Ag/pHMDSO nanocomposites and b) discs coated with SiOx and Ag/SiOx

nanocomposites. The diameter of discs was 12 mm.

In spite of clear confirmation of antibacterial nature of Ag based nanocomposites,
the application of disc diffusion test does not allow intelligible and quantitative
analysis of bacteria reduction [147]. Because of this for further tests dilution method
that enables to count number of bacteria in the solution after incubation with tested

samples was used.

As can be seen in Figure 3.40 no reduction in E. coli bacteria counts were observed
after 150 min of incubation with glass slides or with glass slides coated only with
SiOx or pHMDSO films. On the other hand, the presence of Ag NPs in the coatings
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caused substantial decrease of bacteria counts. As expected from the silver ion
release experiments, the antibacterial effect was found to be strongly dependent on

the amount of Ag NPs as well as on the matrix material.

CFU/mI

Figure 3.40 Bacterial survival after 150min incubation with different samples.

From the comparison of results obtained for Ag/SiOy coatings with 2 or 5 inter-layers
of Ag NPs, it may be concluded that increasing number of Ag NPs leads to the
enhancement of the antibacterial potential of the coatings: whereas for samples with
2 inter-layers of Ag NPs 3-log reduction of bacteria number was observed, 4-log
reduction was found for samples with 5 inter-layers of Ag NPs. This finding is in
agreement with the higher amount of released Ag* ions observed for samples with
higher number of embedded Ag NPs (Figure 3.40). In addition performed
antibacterial tests confirmed also the role of matrix material as the Ag/SiOy coatings
with 5 inter-layers of Ag NPs exhibited much higher antibacterial effect as compared
to Ag/pHMDSO coatings with the same number of Ag inter-layers (4-log and 1-log

reduction, respectively).
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3.2.2.5 Final remarks and preliminary results related to the role of Ag

nanoparticles oxidation

In the previous section it was demonstrated that silver containing nanocomposites
fabricated by combination of plasma enhanced chemical vapor deposition of matrix
and deposition of Ag NPs by means of gas aggregation source may be used as
antibacterial coatings. Furthermore it was shown that this approach makes it possible
to tune the kinetics of silver ion release that is responsible for antibacterial character
of such materials either by the thickness of the top layer deposited over Ag NPs or by
the matrix material. These results are highly promising from the point of view of
preparation of coatings with well-defined and controllable antibacterial action.
However, it has to be emphasized that Ag/SiOx and Ag/pHMDSO nanocomposites
are not the only ones that may exhibit antibacterial nature. In the frame of this study
also other materials were successfully tested, namely composites based on the
magnetron sputtering of polytetrafluoroethylene (PTFE) with embedded Ag or Cu
NPs or Ag NPs embedded into Al,Oy matrix deposited by RF magnetron sputtering
in Ar atmosphere from Al,O; target. Some of these experiments that | was involved
in were already published [148] and presented at international conferences [149]-
[151], or were introduced in the PhD. thesis of M. Petr [152] and therefore are not
included in this thesis. Some of the main findings are briefly summarized as follows.
First, it was proven in agreement with the results reached with Ag/SiOy and
Ag/pHMDSO nanocomposites that the antibacterial activity of Ag/PTFE or Cu/PTFE
nanocomposites may be tuned either by the amount of metallic NPs or by the
thickness of the top layer deposited over them NPs. This allowed the production of
coatings that were either antibacterial or bacteriostatic (i.e. coatings that did not
cause either increase or decrease of bacteria). Moreover, experiments with
magnetron sputtered PTFE used as overcoat showed that the wettability of the
surface of produced samples is not the only parameter that plays roles — strong
antibacterial activity was observed on such samples in spite of almost super-

hydrophobic character of Ag/PTFE nanocomposites [148].
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In addition to these experiments, preliminary tests were performed focused on the
evaluation of the role of Ag NPs oxidation on the Ag” release. These experiments
were motivated by following consideration: since the release of Ag ions, which in
turn define the antiseptic effect of Ag nanoparticles, depends strongly on the
presence of oxygen in the aqueous solution, the oxidation of Ag nanoparticles may
enhance Ag ion release. Thus oxidized particles may be more suitable for the
situations when higher and faster silver ion release is required. To test this
hypothesis, i.e. to compare Ag"® ion release from metallic and oxidized Ag NPs,
following experiments were done in which Ag NPs were after their deposition on the
substrate material oxidized by an auxiliary RF plasma sustained in oxygen and
overcoated with thin film of magnetron sputtered PTFE. Magnetron sputtered PTFE
coatings were selected because of their hydrophobic character and absence of oxygen
in their chemical structure. The latter is important as it enables to avoid possible
oxidation of Ag NPs during the deposition of the overcoat layer, which may happen
when HMDSO that contains oxygen in its structure or oxygen-HMDSO is used. For
comparison in all experiments the amount of Ag and oxidized Ag NPs was the same.
SEM images of Ag NPs before and after O, plasma treatment are depicted in
Figure 3.41. As can be seen, the morphology of Ag NPs slightly changed after
oxygen plasma treatment: NPs edges acquired an uneven and not smooth structure.
Oxidation of Ag NPs after oxygen plasma exposure was subsequently proved by
XPS analysis. As shown in Table 3.7, atomic concentration of oxygen increased
after the oxygen treatment of Ag nanoparticles in comparison with untreated Ag NPs.

Table 3.7 Chemical composition of Ag nanoparticle before and after O, treatment.
Nanoparticles were deposited on gold substrate.

Nanocomposite C [%] O[%] Au[%l] Ag[%]
Ag nanoparticles 42 12 5 41
Ag NPs treated by O2 plasma 39 23 4 34
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Oxidation was visible also in the high resolution XPS spectra of Ag3d and O1s peaks
that are presented in Figure 3.42. The shift of Ag3d peak to lower binding energies
from 368.2 eV (for Ag NPs) to 367.8 eV (for O, plasma treated Ag NPs) and
increase of a peak at 531 eV in O1 s spectra indicates the presence of silver oxide
[153].

no treatment 0, treatment

Figure 3.41 SEM images of Ag NPs and Ag NPs treated by oxygen plasma.
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Figure 3.42 High resolution spectra of a) Ag 3d peaks and b) O1s peaks of Ag

nanoparticles before and after oxygen treatment.

93



Finally, in order to evaluate the influence of oxygen treatment of Ag nanoparticles on
antibacterial properties, the measurement of release of Ag* ions was performed. It
was found that much higher silver ion release was observed in the case of oxidized
Ag nanoparticles (approximately two orders of magnitude) in comparison with
untreated ones as can be seen in Figure 3.43. O, treated Ag NPs had rapid ion
release within one day of the immersion time in water and no significant difference
was observed for samples that contained different amount of Ag NPs (deposition
times of Ag NPs were 1, 2 and 4 min). In addition, prolonged immersion in water (6
days) caused only slight increase of released silver ions when Ag NPs were oxidized,
while for metallic NPs amount of released silver increased with prolongation of the
immersion time. Such different release kinetics is consistent with hypothesis of more
effective silver ion release from oxidized silver: all the silver that may be released is
released within the first day in this case. In contrast, the process of silver ions release
Is much slower in the case of metallic silver as it requires interaction of Ag NPs with

oxygen dissolved in water.
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Figure 3.43 Dependence of silver ion release of Ag NPs and oxygen treated Ag NPs
deposited on PET foils and covered by PTFE film (10 nm) on the immersion time in

water and deposition time of Ag NPs.
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3.2.3 Coatings with tailorable wettability

As it was reported in the section 3.2.1, selection of working gas mixture during the
plasma polymerization of HMDSO enables production of coatings with wetting
angles that range from 101.4° down to 15° i.e. surfaces that cover the range from
slightly hydrophobic to highly hydrophilic. However, for some applications it is
desirable to extend the range of achievable water contact angles (WCA). This cannot
be reached by variation of chemical composition of the coatings and thus the films
have to be nanostructured. This strategy is based on a well-known phenomenon
described by Wenzel [154], who found the relation between water contact angle of
ideally smooth surface 6, ratio of real surface and projected surface areas r and

water contact angle of roughened surface 6,:

f8a = r * cos(0) (3.2

From this equation it is clear that for hydrophobic surfaces with water contact angle 0
higher than 90° increasing roughness causes increase of WCA and for surfaces with
water contact angle 0 lower than 90° increasing roughness leads to increase of their

wettability.

Although there are numerous methods that may be used for surface roughening, in
this study, approach based on nanoparticles subsequently overcoated by pHMDSO or
SiOy films was used. The main advantage of this strategy, which was firstly reported
in [155], is possibility to tune independently the surface chemical composition of
produced films that is given solely by the chemical structure of the overcoat material
and the surface roughness that is influenced by the number and size of NPs in the

base layer.

Two sets of experiments were performed. In the first one C:H NPs (110 nm in
diameter) produced by the gas aggregation source and deposited on smooth Si wafers
(RMS roughness < 0.5 nm) were overcoated with hydrophobic pHMDSO or
hydrophilic SiOx films. C:H NPS were fabricated by colleague P. Solar in the frame
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of his work (details may be found in [97]). The thickness of pHMDSO and SiOy
layers was 100 nm in order to fix and fully cover the C:H NPs. As it is clear from
Figure 3.44, where examples of AFM images of acquired for samples with different
amount of C:H NPs in the base layer and overcoated with pHMDSO are presented,
coatings with markedly different morphologies and roughness were obtained.
According to analysis of AFM images the root-mean-square roughness increased
with the amount of C:H NPs from 33 nm up to 180 nm. This substantial change in
the surface roughness in turn resulted in different surface wettability of produced
coatings. In the case of plasma polymerized HMDSO overcoat the water contact
angle increases with increasing surface roughness. This is furthermore accompanied
for RMS roughness higher than 110 nm by a rapid decrease of water contact
hysteresis, i.e. difference between advancing and receding water contact angles. Such
behavior indicates transition between a homogeneous wetting state (surface is fully
wetted by a droplet) and heterogeneous wetting (a droplet sits on the surface
protrusions and thus does not wet the entire surface [156]). As consequence of this,
the surface becomes slippery and water droplets roll-off. In contrast, when
hydrophilic SiOyx film was used instead of hydrophobic pHMDSO layer, the
wettability of produced coatings was enhanced and the coatings become super-

hydrophilic (see Figure 3.45).

RMS33nm RMS55nm RMS80nm RMS110nm RMS 130nm  RMS 180nm
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Increasing amount of C:H nanoparticles in the base layer

Figure 3.44 Sections of AFM scans on samples with different amount of C:H

nanoparticles that form the base layer.
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Figure 3.45 Water droplets on smooth (upper row) and roughened (bottom row)
coatings deposited in a) O,:HMDSO 60:1 mixture and b) pure HMDSO. The

deposition time of C:H particles used for surface roughening was 20 min.

More detailed investigation of super-hydrophilic surfaces was performed in the
second set of experiments, in which the substrates were PMMA and PEN polymeric
foils and Ag NPs were used instead of C:H NPs. Also in this case rapid increase of
surface roughness with deposition time of NPs (i.e. with increasing of the amount of
deposited Ag NPs) was confirmed by AFM measurements for both PMMA and PEN
samples (see Figure 3.46). Furthermore as can be seen in Figure 3.47, a all the
fabricated surfaces were super-hydrophilic with water contact angles lower than 10°.
Here it is important to make two comments. First the lower WCA than the one
measured when SiOy was deposited onto smooth Si wafer even for coatings without
any NPs in the base layer is due to the intrinsic roughness of polymeric foils. Second,
the values of WCA below 10° are difficultly measurable and are thus not very precise

that is due to the fact that it is not easy to determine the triple point.
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Figure 3.46 AFM images of a) PMMA foils coated with SiO film and b)-d) PMMA
coated with Ag NPs and overcoated with SiOy film. Depoistion time of Ag NPs was
b) 30 sec, b) 1 min and d) 2 min
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Figure 3.47 Dependence of water contact angle a) on storage time (deposition time
of Ag NPs was 2min) and b) on surface roughness measured 2 years after deposition.
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In spite of similarity of measured WCA on all samples independently of the
presence, absence or amount of Ag NPs in the base layer, significant differences
were observed with increasing storage time: whereas the WCA gradually increased
with storage time (WCA close to 45° was observed for SiO, coatings after 2 years),
the ageing process was dramatically reduced for samples with the base layer of
AgNPs (Figure 3.47, a). Related to later the ageing effect was found to be linked
with the surface roughness of produced coatings. This is demonstrated in
Figure 3.47, b where values of water contact angles measured on samples that were
stored 2 years on open air are plotted in dependence on their RMS roughness. As can
be seen, the surfaces remained super-hydrophilic after 2 years. Only for the samples
with lower number of NPs in the base layer gradual increase of the WCA value was
found. Such behavior may be explained in the following way. First, the surface of
SiOy films degrades with time or is contaminated by airborne carbonaceous
contamination. This leads to lose of super-hydrophilic nature and WCA of SiOx films
increases. However, according to equation 3.2 this effect may be substantially
diminished by increasing the surface roughness. For instance for the surface with r
parameter equal to 1.37, i.e. the value that was measured for the samples with the
highest amount of NPs in the base layer, the WCA stays below 10° even when the
WCA on smooth surface is 44°. This effect, i.e. lowering of WCA due to the surface
roughness, is naturally more important for coatings with higher level of roughness,

which is consistent with measured dependence of WCA on the roughness.

3.2.4 Investigation of barrier properties

The barrier properties of produced coatings in terms of water vapor permeation were
investigated for SiO films deposited on PET foils with different thicknesses from 10
up to 70 nm. The results of performed measurements are depicted in Figure 3.48.
It was found that water vapor permeability coefficient decreases (i.e. barrier
efficiency increases) with increasing thickness of deposited SiOy. The maximum
improvement of barrier properties of PET foils was observed for overcoat thickness
of 35+5 nm, for which one order of magnitude of permeability enchantment was

reached. Further increase of overcoat thickness subsequently led to dramatic
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deterioration of barrier properties (for thicknesses of ~50 nm and higher). Such
behavior of permeability coefficient can be explained by formation of micro-cracks
in SiOy films due to the increasing intrinsic stress. The appearance of micro-cracks
was furthermore confirmed by AFM (see AFM image presented in Figure 3.49),
where the uniformly distributed cracks are clearly visible for 200 nm thick SiOy film.
The presence of such surface defects obviously leds to a rupture of the integral

structure of the films and consequently lower their barrier properties to water vapor.
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Figure 3.48 Water vapor permeability coefficient of non-coated PET foils and PET
foils coated by SiOy films as dependent on barrier thickness.
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Figure 3.49 The AFM image of SiO coating with 200 nm of thickness.
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Significant lowering of barrier properties of various coatings with their increasing
thickness due to the occurrence of microcracks is common problem (e.g.
[157],[158]). One possible strategy to limit this undesirable effect was introduced by
Schwarzer [159], who proposed optimal coating structure with nonhomogeneous
depth profile of mechanical properties that may protect the coating from deformation
and avoid the film cracking. It was found that the bottom and top layer of film should
have lower Young’s modulus than the inner layer. In this work, such scheme has
been adopted using the step by step deposition of polymerized HMDSO with lower
Young’s modulus, followed by deposition of hard SiOx film that was finally coated
again with pHMDSO. The schematic illustration of the structure of prepared coatings
is shown in Figure 3.50, a. As can be seen in Figure 3.51 prepared multilayered
coatings with total thickness of approximately 80 nm showed much better barrier

behavior to water vapor than pure SiOy films with 35 nm of thickness.

HMDSO HMDSO or SiOx
P 0000000060 <— Az NPs
Siox SiOx
pHMDSO pHMDSO
a) b)

Figure 3.50 Schematic illustration of multilayer coatings a) without
and b) with Ag NPs

In order to use these multilayered coatings not only as barrier but as antibacterial
coatings, where for example silver nanoparticle (see chapter 3.2.2) can be utilized as
antibacterial agent, the nanocomposites with incorporated Ag nanoparticles were also
prepared. The scheme of nanocomposite structure is depicted in Figure 3.50, b.
Values of permeability to water vapor did not significantly change in the case of the
presence of Ag NPs inside the nanocomposite in comparison with nanocomposites
without of silver NPs (pHMDSO/SiO,/pHMDSO), only slightly higher value of
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permeability coefficient was for SiOx top layer (Figure 3.51). Thus, nanoparticle

containing nanocomposites can be used as barrier coatings.
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Figure 3.51 Water vapor permeability coefficient of PET foil, SiOx and

nanocomposite coatings deposited on PET foils. Total thickness of SiOx films was
35 nm, pHMDSO/SiOx/pHMDSO(or SiOx) coatings without or with Ag NPs was

approximately 80nm.
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4 Conclusions

In the first part of this study, influence of atmospheric pressure DBD plasma
treatment on the surface properties was investigated for the wide range of polymeric
foils: nylon 6,6, PET, PEN, PP, LDPE, PEEK, PMMA and PLA. All investigations
were made using the same DBD experimental setup at identical conditions. In the
frames of this work, additional experiments were carried out that were focused on
applications of this kind of plasma, namely the effect of DBD plasma pretreatment
on growth of two types of cell as well as the ability of this kind of plasma to kill
bacteria were examined. The results of this part of thesis were partly published in
4 peer-reviewed articles and were continuously presented on international

workshops and conferences. The main conclusions may be summarized as follows:

1. Surface chemical composition was measured and analyzed for all represented
polymers. Surface oxidation was the main result of DBD plasma treatment.
This was accompanied by the formation or increase of surface fraction of polar
functional groups, which resulted in substantial increase of wettability and
surface free energy of treated polymers. However, these changes were not

temporally stable and so-called ageing effect was reported.

2. The surface RMS roughness increases as a result of DBD plasma treatment.
The factor of growth of RMS depends on type of polymer.

3. The etching rates of different polymers were measured. It was demonstrated
that DBD plasma operated in air at atmospheric pressure is capable to etch all
tested polymers. However, it has been found that etching rates depend on the
presence of oxygen in the untreated polymers: higher values of the etching

rates were observed for polymers with higher O/C ratios.
4. DBD pretreatment of PET foils revealed promising effect on growth of

endothelial cells. In the case of osteoblast like cells no significant changes for

treated and untreated PET was observed.
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5. It was found out that DBD plasma can etch and hence inactivate high
resistively spores of B. subtilis. 3 minutes of DBD plasma exposure led to
complete etching of spores from the substrate surface and only their residues
were detected. This suggests that DBD plasma could be used as an effective

plasma source for biofilm removal in biomedicine.

In the second part, different functional films with bactericidal, superhydrophilic or
superhydrophobic and barrier properties were prepared and analyzed. The main
attention was devoted to SiOx and pHMDSO surfaces as well as to Ag/SiOx and
Ag/pHMDSO nanocomposites that were prepared by sequential deposition of matrix
and Ag NPs. All samples were characterized not only in terms of their chemical
composition, wettability, morphology and mechanical properties but also in terms of
their antibacterial activity as well as barrier characteristics. Ag NPs were produced
by relatively innovative method namely by means of gas aggregation source.
Fabricated NPs were analyzed concerning their deposition rate, size distribution,
stability in water for both nanoparticles themselves and inside nanocomposites. In
the case of antibacterial coatings the main focus was devoted to silver ion release as
the direct indicator of bactericidal behavior of Ag containing nanocomposites. In
addition, nanostructured surfaces with tailorable wettability based on C:H
nanoparticles were performed. The results related to the fabrication of functional
coatings were partly published in 6 peer-reviewed articles and were continuously
presented on international workshops and conferences. The main conclusions of this

part are:

1. Incorporation of Ag NPs into pHMDSO or SiOx makes it possible to produce

coatings with antibacterial, barrier and tailor-made wettability properties.

2. It was demonstrated that the release of Ag® ions and thus also antibacterial
performance of produced coatings may be adjusted by the amount of Ag NPs
embedded into the matrix material as well as by the matrix material itself. The
Ag" ion release was found to range from 0.002 pg-cm 2-day ' measured for
low amount of Ag NPs embedded into pHMDSO matrix up to more than 10
ug-em 2-day ' in case of Ag/SiOy nanocomposites that contained high amount
of Ag NPs. Thus, possibility of tuning silver ion release was demonstrated.
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. Based on the results of performed biological tests it is possible to reduce
number of E. coli bacteria incubated with Ag/SiOx nanocomposites by 4 orders
of magnitude within 150 min of incubation time. In addition, biological tests

were in good agreements with the results of measurements of Ag" release.

. It was found out that oxygen treated silver nanoparticles have rapid and more

intensive Ag” release in comparison with untreated Ag NPs.

. The proper design of nanocomposites (e.g. matrix material or number of NPs)
is highly important with respect to fabrication of antibacterial materials with
well-defined and controlled antibacterial behavior needed for biomedical

application, for example, novel implant materials.

. Use of substrates pre-seeded with NPs and overcoated with pHMDSO or SiOy
enabled production of super-hydrophobic or super-hydrophilic surfaces.
Furthermore, excellent temporal stability of super-hydrophilic coatings was

demonstrated for surfaces with sufficiently high roughness.

. It was found out that the optimal thickness of SiOy4 coatings in order to reach

enhanced barrier properties was 35+5 nm.

. Employed multilayered nanocomposite with different Young’s modulus was
found as the most appropriate barrier coatings. The permeability coefficient of
water vapor through pHMDSO/SiOx/pHMDSO nanocomposite 20 times less
than through the pure PET foil and 2 times less than through the PET with 35
nm thick SiOx coating. Moreover, it was found that presence of Ag
nanoparticles inside such nanocomposites did not influence permeability
coefficient that makes it possible to use them both as barrier and bactericidal

surfaces.

Within the PhD. thesis | have participated in several grant projects. The DBD

treatment of polymers was performed in the frame of COST Action MP1101

supported by the grant LD 12066 financed by the Ministry of Education, Youth and

Sports of the Czech Republic. Development and investigation of antibacterial
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nanocomposites was subject of my GAUK project (GAUK 277915 “Deposition and
investigation of properties of antibacterial metal/plasma polymer nanocomposites™).
Investigation of nanocomposite materials and their characterization was covered by
grants GACR 13-09853S and GACR 16-14024S both from the Grant Agency of the
Czech Republic.
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