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Aims of the thesis

In general these studies were focused on plasma polymerization processes in order to prepare
and characterize thin films for surface modification for biomedical applications. The aims

were as follows:

e Study deposition process of nanocomposite metal/plasma polymer films especially
using titanium as a metal;

e Characterize deposited films in order to determine their structure, morphology,
composition and surface energy using TEM, XPS, RBS/ERDA and contact angle
measurements;

e Study deposited nanocomposite films using SPM method;

e Study biological response of the nanocomposite Ti/hydrocarbon plasma polymer films
in terms of adsorption and adhesion of proteins and cells; adhesion, growth and
differentiation of human osteoblast-like MG 63 cells as well as bovine pulmonary
artery endothelial cells of the line CPAE on nanocomposite Ti/hydrocarbon plasma
polymer films;

¢ Study modification of polymer especially polypropylene using DC discharges operated
in oxygen, water vapor and in a flowing afterglow of water vapor discharge;

e Characterize modified polypropylene surfaces — their structure, chemical composition,
morphology and surface energy by means of AFM, XPS, FTIR and contact angle

analysis.

The last two aims were performed in the collaboration with Prof. Rybkin DrSc from Ivanovo
State University of Chemistry and Technology, Russia and during my visit to National

Institute for Material Science in Tsukuba, Japan.
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Chapter 1 Introduction

Introduction

1.1 Basics of plasma polymerization

Plasma Enhanced Chemical Vapor Deposition (PECVD) of organic compounds, also called
plasma polymerization, is a method of deposition of polymer-like thin films by means of a
glow discharge, ignited in an atmosphere of organic monomer vapors usually under low
pressure. Electrons, gaining energy from the externally applied electric field, excite or ionize
the precursor molecules to produce a highly reactive environment. Ions, electrons, photons,
radicals and excited species take part in diverse chemical reactions both in the plasma volume
and on adjacent surfaces. Some of them may participate in the creation of a plasma polymer
network. Since plasma polymerization involves the fragmentation of precursor molecules, the
resulting chemical structure of plasma polymer is irregular. For this reason, plasma polymer is
essentially different from conventional polymer, which consists of unique units repeating
along a polymer chain.

According to [1], plasma polymer formation may be represented by a mechanism of
competitive ablation and polymerization (Fig. 1-1). Ablation involves the removal of a portion
of solid material from the surface and can be caused both by chemical etching and ion
bombardment. Some species arriving at the surface may react with the growing polymer
chains to produce non-polymerizable volatile products, which are removed from the
deposition zone by pumping. Alternatively, ion sputtering can cause ablation. Generally, a
plasma polymer is an isolating material and its surface floats at a negative potential with
respect to positive plasma. The potential drop between surface and plasma occurs over a
distance called the sheath. Positive ions accelerated in the sheath bombard the surface
producing sputtering or restructuring of the outer layers.

The first kinetic models of plasma polymerization date back to the 1960s [2]. It is generally

recognized that plasma polymer formation occurs by a combination of processes which
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involve gas phase reactions and those at the gas-surface interface. Plasma deposition
conditions determine the relative contribution of each mechanism to the overall deposition
process.

Williams and Hayes [3] excited an AC (10 kHz) discharge in styrene at a pressure 0.1 — 3 torr
using a bell-jar-type reactor with a parallel plate electrode system. They found, that at constant
substrate temperature and constant flow of styrene, the polymerization rate at first increased
and then reached saturation with either increased pressure at constant discharge current or with
increased current at a constant pressure. They also found that the polymerization rate increases
with decreasing substrate temperature. Plasma polymer formation proceeds as follows.
Positive ions are formed by collisions between the energetic electrons and monomer molecules
in the negative glow. These ions are attracted to the electrodes and bombard in the first stage
of growth adsorbed monomer molecules. These are activated (fragmented) and react with the
unactivated monomer molecules. When the first layers of plasma polymer are created not only
adsorbed monomer molecules are activated but also polymer surface molecules. These active
species propagate the polymerization reaction by addition of unactivated molecules.

Denaro et al. [4-6] proposed the explanation of plasma polymerization of styrene (at 1 torr)
and some other monomers in a 2 MHz discharge. The initiation of the polymerization reaction
was done by energetic electrons bombarding the polymer film that was covering the electrodes
and resulted in the creation of surface free radicals that react with the adsorbed monomer
molecules. They obtained a good agreement with the experiment in case of allylalcohol [6]. A
similar model was proposed by Westwood [7] who used a parallel-plate electrode system in
RF discharge and relied in his model on activation by bombarding positive ions.

Poll et al. [8, 9] developed a detailed model based mainly on the processes on the surfaces
adjacent to the discharge region, e.g. adsorption, desorption and polymerization. He also
considered processes leading to the formation of new compounds by the transformation of the
monomer under the influence of the discharge. Comparison to the experiment is done for C,F.
Lam et al. [10] developed a model of plasma polymerization of styrene in a RF (800 kHz)
discharge using a capacitively coupled parallel plate electrode system. Three steps were
considered: (1) Initiations of monomers by electron impact was followed by (2) propagation
and (3) termination as in conventional polymerization. Free radical polymerization was
assumed. Four mechanism models were examined considering the above mentioned three
steps taking place either in the gas phase or on the surface. Comparing the theory and

experiment, the following model seemed to be the most probable: Monomers are activated in
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the gas phase via collisions with energetic electrons. They diffuse to the surface where they
react in propagation reactions with adsorbed monomers and subsequently terminate.

A similar model as above for plasma polymerization of unsaturated hydrocarbons in a RF
discharge was proposed by Tibbitt et al. [11].

The overall scheme of plasma polymerization based on Poll’s et al. [9] work was proposed by
Yasuda and Hsu [12].

According to Yasuda [1], plasma polymer deposition is composed of plasma-state-
polymerization and plasma-induced polymerization. The former is a combination of
deposition processes from polymer-forming intermediate species produced in plasma and it is
believed to be the main route of polymer formation. In some cases, however, when the
monomer contains polymerizable structures (e.g. vinyl groups), conventional molecular
polymerization on the surfaces activated by plasma can occur. This is so-called plasma-
induced polymerization. It is argued that this route of polymerization is likely only at high

pressure and low substrate temperature [1].
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Fig. 1-1 The plasma polymerization scheme (taken from [1])
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As to the kinetics of plasma polymerization, Yasuda suggests that the most probable
mechanism for all kind of the monomers is rapid step-growth polymerization via free radicals,
represented by the following scheme (Fig. 1-2). In this picture, M stands for any neutral
species. Me represents the monofunctional activated species, particularly free radicals, capable
of covalent bond formation. Bifunctional activated species are given by *Me.

There are two major channels of step growth, which involve the polymerization via mono-
(Cycle I) and bifunctional (Cycle II) radicals. Reactions 1 and 4 are the first step with chain
propagating through the repeated addition of radicals to the unactivated species. The latter
must contain a chemical structure allowing the addition of Mes. Reaction 2 represents the
termination through radical recombination. Reaction 3 is a recombination of mono- and
biradicals, which yields another monofunctional radical. Reaction 5 is a recombination of two

bifunctional radicals.
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Fig. 1-2 The mechanism of plasma polymerization (taken from [1])
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Plasma polymerization is nonspecific, i.e. the chemical nature of monomers is not that crucial
as in conventional polymerization. The vinyl and saturated vinyl compounds polymerize by
conventional methods with the rates, which are different in orders of magnitude. The rates of
plasma polymerization for the same compounds vary only in an order of magnitude and the
identical coatings can be obtained from the different precursors [1]. According to Yasuda, the
monomers can be divided into three groups:

I) aromatic and triple bonds bearing compounds;

IT) compounds bearing double bonds and cyclic structures;

III)  compounds with ordinary bonds.
The structure of a monomer determines the predominance of Cycle 1 or Cycle II in overall
polymerization reaction. Double and triple bonds and cyclic structures cleave with formation
of biradicals (Cycle II). Monomers from group III produce free monoradicals, mainly by
hydrogen detachment, and the main route of polymerization is Cycle I.
An activated-growth model (AGM) has been suggested by d’Agostino [13] for plasma
polymerization from fluorocarbon feeds. The film is established to grow via the reactions of
CFx radicals with activated sites on polymeric surfaces.
The processing discharge plasmas are typically electrically excited and sustained. A wide
range of operating frequencies ranging from DC, AC, and RF up to MW can be applied,
resulting in different coupling modes and substantially differing characteristics. The most
relevant arrangement for this work is the parallel plate configuration with DC field applied,
shown in Fig. 1-3. The glow discharge between two electrodes is ignited raising the applied
electrode voltage to value V; sufficient for electrical break-down, which depends on used gas
and cathode material, the gas pressure p, and the electrode distance d according to Paschen’s
law V; = Vi(p - d). Afterwards, the glow discharge is sustained at lower voltage, usually in the
abnormal mode, with negative glow filling the interelectrode space. Because of the electric
excitation, the energy deposition pathway in such plasma is from the field to the charged
particles and in collisions from the charged particles to the gas atoms and molecules,
important for the production of new particles by ionization, and to the surface interfaces. The
electron and ion energy distributions are determined by a dynamic balance between the energy
coupled into the plasma and energy losses in the collisions. Due to the large mass difference
between electrons and ions, the field energy is most efficiently coupled to the lighter electrons.
The rather inefficient collisional energy transfer between the ions and electrons leads to a
nonequilibrium plasma with two groups of particles having largely different energies —

expressed in terms of energy under the assumption of Maxwellian energy distribution.
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Electrons possess temperatures of few eV typically while the ions in bulk are basically cold, at

room temperature. In order to prevent the more mobile electrons from leaking off the plasma

bulk, positive space charge and electric field builds up in the edge region, the so-called sheath,

so that potential in the bulk of electropositive plasma is positive with respect to all walls (see

Fig. 1-3. This field in the sheaths accelerates the ions, so that they can reach at active

electrodes rather high energies of few 100 eV and cause ion bombardment of the surfaces.
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1.2 Carbon based coatings

Thin carbonaceous coatings applied on the top of bulk materials provide a large scale of
possibilities to improve or completely modify the surface properties. Selecting the proper
deposition conditions, a wide variety of so-called diamond-like-carbon (DLC) coatings with
different ratios of sp® and sp® hybridized carbon-carbon bonds and varying hydrogen content,
ranging between the crystalline graphite and diamond films can be achieved. It is largely
accepted, that the tetragonal sp’ bonding is responsible for the mechanical properties while the
electrical properties are governed by trigonal sp> bonds. Several categories of DLC coatings
along with typical techniques of deposition and properties are summarized in Fig. 1-4 and
Table 1-1. Soft, partially conducting materials with highest sp® hybridization and lowest H
content, most resembling the structure of graphite, are typically prepared by physical
deposition of carbon such as evaporation or by combustion of resins. Tetrahedral amorphous
carbon (ta-C) or amorphous carbon (a-C) with very low H content and high sp® hybridization,
hence of very high hardness, is typically prepared in arc discharges or by laser ablation.
Amorphous (tetrahedral) hydrocarbon materials (a-C:H, ta-C:H) with a relatively high content
of H result from PECVD-like deposition processes in hydrocarbon discharges.
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Fig. 1-4 Properties, applications, and techniques used to deposit various DLC films [14]

Table 1-1 Some properties of various carbonaceous films, after [15, 16]

Hardness Conductivity

Films structure  Density (g/cm3) sp3 (%) H (at.%)

(GPa) (Q-cm)
graphite 2.27 0 0 104
glassy C 1.3-1.6 2-3 ~0 ~0 10-3 - 102
evaporated C 1.9-2.0 2-5 <5 <b
sputtered C, a-C 2.2-2.6 10 5-10 <b >1010
soft a-C:H 0.9-1.2 <5 50-80 50-60 106-1014
hard a-C:H 1.6-2.0 10-35 40-60 30-50 106-1014
ta-C:H 2.0-2.9 30-60 <75 ~ 30 106-1014

diamond 3.52 100 100 0 >1016
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1.2.2 Hard amorphous carbon films

Hard plasma polymer films were first prepared by Konig and Helwig [17] who used a DC
glow discharge operated in benzene and grew the films on the anode. They characterized the
films by IR spectroscopy [18]. The first a-C:H films were found by Schmellenmeier [19].
Review on these early stages of carbonaceous films was published by Pagnia [20].

Low temperature plasma deposition using a DC glow discharge in a hydrocarbon gas was
suggested in order to grow the carbonaceous film on the ion bombarded cathode [21].
Actually, the first economically feasible deposition process was invented in 1976 by L.
Holland [22] who suggested using an RF glow discharge in a hydrocarbon gas. He deposited a
carbonaceous films on the negatively biased probe capacitively coupled to a RF power supply.
In later publication Nyaiesh and Holland [23] related the growth of the film to the RF power
input per unit area of the receiver (RF excitation electrode) and unit gas pressure (for methane)
and claimed that the soft polymer was deposited from zero up to 5 W-cm™Torr". From this
value up to 9 W-cm™Torr', hard plasma polymers were obtained while the temperature of the
growing film did not exceed 175 °C. In the range from 10 to 23 W-cm™Torr’, a-C:H film was
grown. Above 23 Wem-2Torr-1, graphite like film was created.

It was shown by Biederman et al. [24] that in the case of an RF (20 MHz) discharge operated
in benzene at 2 Pa, soft plasma polymer films were deposited for bias values within 0 and -100
V. For bias values ranging from -100 V to -180 V (-200 V), hard plasma polymer films were
obtained and for even more increased negative bias values, a-C:H films were grown.

Further studies by Wagner et al. [25] investigated in detail the deposition process using
benzene at a pressure of 3 Pa and a DC negative bias V® = —1000 V. Process parameters such
as bias voltage, V3, and pressure, P, determine the a-C:H films structure and their physical
properties [26]. Bubenzer et al. [27], in the earlier work where they used 2.3 MHz power,
stressed the importance of the energy of positive ions bombarding the growing deposit.

These authors therefore conclude that below Vi = 100 V, the films are “polymerlike”,
transparent and soft. They contain more than 40 at.% H. At biases above 300 V, the films are
dense, hard and strongly crosslinked. They noted a transition region between the two types of
carbonaceous films (soft plasma polymer and a-C:H) for ¥z of 100 — 300 V that correspond to
the average ion impact energies between 40 and 120 eV. In this region (more likely between
100 and 200 eV), so called hard plasma polymers are deposited. At higher bias (Vg = 400 V)
there is no dependence. However, deposition rate (Vg = 400 V, pressure P = 3 Pa) decreases

from 85 nm/min for benzene to 25 nm/min for n-hexane, and to 5 nm/min for methane [26].
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Energetic positive ions Ar' (or even hydrocarbon positive ions CxHy+) impact on the growing
plasma polymer and break C-H bonds. They also push carbon atoms closer together thus
creating tetrahedral arrangement. Free radicals on the surface are the sites of further plasma
polymerization process. When hydrocarbon ions are used this leads at moderate energies to
enormous increase of deposition rate (AGM model d’Agostino [28]). However, when more
argon ions than hydrocarbons bombard the growing film — the densification and compaction
processes prevail. As a result the amorphous a-C:H material appears. Its structure can be
qualitatively described according to Smith [29]: on the short distance sp> bound carbon exists
and it is continued by sp® carbon and polymeric C:H structures — with voids among all of
these. Such network is under high compressive stress which builds up with the increasing
thickness. When adhesion to the substrate is overcome which is for glass at ~ 200 nm, then a-
C:H peels off. However, the adhesion on Si and Ge is very good because of the carbide
interface layer that is created. Therefore, a-C:H films were successfully used as optical
coatings for the IR region of light. They were also used as hard, non-abrasive (low friction)
coatings on various materials, including polymers [23].

In case of unbalanced magnetron with graphite target energy of bombarding positive ions to
the substrate is much lower and therefore C:H hard plasma polymer is created. A little of
carbon is sputtered from the target; he nce, plasma polymerization process in the plasma
volume and mainly on the substrate takes place assisted with the mild positive energetic

(hence, light current) bombardment.

1.2.3 Composite metal/hydrocarbon based coatings (Me/C:H) from DC magnetron
sputtering

The metal/plasma polymer films appeared in the seventies as a new class of composite thin
films [30-32]. In the following years, a number of studies devoted to this topic increased as
can be seen from a number of reviews e.g. [2, 33-35]. One should note that the first composite
metal/”’organic films” were produced by vacuum co-evaporation [36, 37]. Simultaneously
metal/inorganic dielectric (cermets) prepared by vacuum co-evaporation and co-sputtering
were investigated and these studies layed down some basic concepts for the film property
explanations, including theoretical models [38].

Both cylindrical and planar magnetrons were used by Harding and Craig [39, 40] who
prepared Fe/C:H composite films by "reactive sputtering” of stainless steel in an Ar/C,H,

plasma. Fast neutrals were considered to be responsible for deposition of C:H (hard plasma
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polymer instead of usual hydrocarbon (soft) plasma polymer films. At the same time, Sikkens
[41, 42] reactively sputtered, in a simple DC diode sputtering arrangement, Ni in an Ar/CH,
mixture. Weissmantel [43] reported composite films prepared by planar magnetron co-
sputtering of graphite and Sn and Ti. Deposits prepared in these studies were claimed to be
metal/hard carbonaceous films. Additional metals were incorporated, such as Ta and W [44-
46|. The deposition process of metal/C:H composite films was improved after the unbalanced
mode of planar magnetron operation was discovered [47]. An escaping beam of plasma from
the near target region induces a negative bias (floating potential) from -10 to -70 V against
ground of the isolated substrate. This bias attracts mild positive ion bombardment. Biederman
et al. [48, 49] prepared, in this way, composite metal/C:H films from a composite metal
graphite target using a mixture of Ar and propane. Gold, molybdenum and some others were
attempted but mostly silver was investigated [49]. The closed field unbalanced magnetron
sputtering arrangement was used for the deposition of graded and multilayered Ti:C-H/TiC
thin film systems for wear-resistant application [50]. An unbalanced planar magnetron,
equipped with various targets (Ag, Ni, Mo and Ge) in a DC discharge and operated in Ar/n-
hexane working gas mixture was used for the deposition of Ag/C:H [51], Ni/C:H [52],
Mo/C:H [53], Ge/C:H [54] and Cu/C:H was examined [55]. In recent years, great attention has
been paid to Ti/C:H [14, 56-63] because of the tribological applications, optical application

(selective absorber) [64] and biomedical applications.

1.2.4 Ti/hydrocarbon coatings

Carbides of transition elements such as titanium carbide are refractive ceramic materials with
several remarkable properties such as high melting point, metallic conductivity, and high
hardness. Due to their high hardness, such coatings are widely used for coating of cutting and
grinding tools. TiC has a high electric conductivity which is almost independent of
temperature. Hence it meets the requirements for materials used as metallic interconnects of
integrated circuits, which must perform in wide temperature ranges. Because of a low work
function, these materials are also potential candidates for electron injecting electrodes in
OLED displays. Since these materials are non-stoichiometric and remain in NaCl crystal
structures with as many as 50 % carbon vacancies, deposition with variable carbon/metal ratio
allow to further control the electrical properties. Titanium, which can easily reduce surface
oxides (e.g., native silicon oxide SiOx) through formation of TiO,, efficiently achieves good

adhesion on many substrate materials. By deposition of tailored Ti — Ti-C:H — a-C:H film
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systems, the covalent bonding can be further propagated over the TiC phase to the a-C:H
surface of the film system. Such approach represents an optimal solution to the problem of
weak adhesion of carbonaceous films. However, high temperatures (above 1600 °C) are
needed for conventional production of TiC compounds from solution [65] or using CVD
techniques ( > 800 °C). That is incompatible with many substrates and most conceivable
microtechnology applications. Plasma-assisted techniques allow the deposition of these films
at low-to-moderate temperatures under non-equilibrium conditions. Most typical deposition
techniques involve arc deposition [66], dense plasma focus device [67], laser ablation of TiC
targets [68], combined eventually with evaporation or magnetron sputtering [69]. Sputtering,
combined with PECVD from hydrocarbon vapours can be deployed for the fabrication of
various composite Ti/ TiC / Ti-C:H / a-C:H coatings [58, 70-73]. Numerous studies within the
last decade revealed interesting mechanical and tribological properties of such composites [61,
62, 70, 72, 74]. For example, composite Ti-C:H films can achieve hardness of up to 35 GPa
while coefficients of friction are lower than 0.3 for Ti concentrations below 40 at.% [62]. The
titanium-containing composites seem to have also favorable biocompatible behavior; in-vitro
studies point out that the presence of Ti on a a-C:H matrix promotes cellular reactions of bone
marrow cells, enhancing bone ingrowth through osteoblast differentiation while reducing bone
resorption through osteoblast-like activity inhibition (for more details see next chapter).
Therefore, Ti containing hard coatings has been recently proposed for bone implants or dental
surgery. Due to the combination of good tribological and mechanical properties, the field of
microelectromechanical systems (MEMS) is a promising application area, where complete
moving parts can be manufactured by patterning hard TiC layers [68]. Providing such parts
with a hydrocarbon or Ti-C:H surface coating could give an optimal material for miniaturized

bio-implants.
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Fig. 1-5 Overview of the important reactions at the target, in the plasma bulk and at the substrate involved in the

deposition process in case of clean Ar plasma and after the introduction of the reactive gas

An overview of the most important processes involved in unbalanced magnetron sputter
deposition of Ti for different discharge regions in presence of monomers such as hydrocarbons
is given in Fig. 1-5. The process hysteresis effect and the dependence on target history are well
known phenomena of conventional reactive sputtering. This reactive process is, to a certain
extent, similar to conventional reactive sputtering. However, in this particular case, monomer
gases typically do not necessarily have to chemically react with the target material but rather
cause deposition of a hydrocarbon poisoning films (coverage) on the top of target surface.
These films help to control the amount of the sputtered target material. In the unbalanced
magnetron configuration, the film growth at the substrate results prevalently from the
following two processes: (1) sputtering of the original target material and (2) plasma
polymerization processes (or PECVD deposition) of the hydrocarbon component. It is now
generally accepted that the mechanism of plasma polymerization in low pressure plasma is
initiated in the plasma volume [2, 75]. In the unbalanced magnetron configuration, the
reactants participating in the polymerization are generated mainly in the plasma beam.,
Collisions of electrons and ions with n-hexane, mainly by an electron impact fragmentate the
molecules of the monomer and create free radicals, molecular ions, etc. Additionally, these
reactions affect quite significantly the electron distribution function since their threshold
energies are often lower than those of the inelastic Ar collisions. The film growth proceeds on
the surface while the ion bombardment and the substrate temperature play an important role in
the growth process. Though the pressure is relatively low, gas phase radical and ionic

reactions might play a role for the production of the reactants in the plasma volume.
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1.3 Plasma polymerization in biomedicine

Bio-integration is the ideal outcome expected of an artificial implant. This implies that the
phenomena that occur at the interface between the implant and host tissues do not induce any
deleterious effects such as chronic inflammatory response or formation of unusual tissues.
Hence, it is of paramount importance to design biomaterials used in implants with the best
surface properties. Meanwhile, these biomaterials must possess bulk properties that meet other
requirements, especially mechanical properties in order to function properly in a bio-
environment. As it is quite difficult to design biomaterials fulfilling both needs, a common
approach is to fabricate biomaterials with adequate bulk properties followed by a special
treatment to enhance the surface properties. In this way, it allows one to make ideal
biomaterials with surface attributes that are decoupled from the bulk properties. Furthermore,
the surface properties can be selectively modified to enhance the performance of the
biomaterials. For instance, by altering the surface functionality using thin film deposition, the
optimal surface, chemical, and physical properties can be attained [76]. Hence, surface
modification of biomaterials is becoming an increasingly popular method to improve device
multifunctionality, tribological and mechanical properties, as well as biocompatibility of
artificial devices while obviating the needs for large expenses and long time to develop brand
new materials. It has become one of the key methods in biomaterials engineering. Usually
more than one approach can satisfy the biomaterials requirements, and the ultimate selection
must take into account the process reliability, reproducibility, and products yield [77].

A plasma which can be regarded as the fourth state of matter is composed of highly excited
atomic, molecular, ionic, and radical species. It is typically obtained when gases are excited
into energetic states by radio frequency (r.f.), microwave, or electrons from a hot filament
discharge. Plasma is a highly unusual and reactive chemical environment in which many
plasma-surface reactions occur. The high-density of ionized and excited species in the plasma
can change the surface properties of normally inert materials such as ceramics. Plasma-based
techniques combining the advantages of conventional plasma and ion beam technologies are
effective methods for medical implants with complex shapes. In particular, modification of the
surface energetics of the materials can improve the adhesion strength, surface and coating
properties, and biocompatibility, just to name a few [78]. Plasma-based techniques offer the

following advantages with regard to biomaterials engineering.
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1. The benefits of plasma processing arise from the good understanding of plasma
physics and chemistry learned in other fields such as microelectronics, for example, plasma
homogeneity and effects of non-uniform plasma on the substrate surface [79].

2. Plasma engineering is usually reliable, reproducible, non-line-of-sight, relatively
inexpensive, and applicable to different sample geometries as well as different materials such
as metals, polymers, ceramics, and composite [77, 80-82]. Plasma processes can be monitored
quite accurately using in situ plasma diagnostic devices.

3. Plasma treatment can result in changes of a variety of surface characteristics, for
example, chemical, tribological, electrical, optical, biological, and mechanical. Proper
applications yield dense and pinhole free coatings with excellent interfacial bonds due to the
graded nature of the interface [83].

4. Plasma processing can provide sterile surfaces and can be scaled up to industrial
production relatively easily. On the contrary, the flexibility of non-plasma techniques for
different substrate materials is smaller [84].

5. Plasma techniques are compatible with masking techniques to enable surface

patterning [85, 86], a process that is commonly used in the microelectronics industry.

As a result, plasma-surface modification (PSM) as an economical and effective materials
processing technique is gaining popularity in the biomedical field. It is possible to change in
continuum the chemical composition and properties such as wettability, metal adhesion,
dyeability, refractive index, hardness, chemical inertness, lubricity, and biocompatibility of
materials surfaces. In the biomedical context, ‘‘good biocompatibility’’ refers to that a
prosthesis or biomaterial device is non-toxic, does not induce deleterious reactions from the
bio-medium, performs properly all the functions they have been designed for, and has a
reasonable lifetime. The application of plasma based techniques is quite diverse, and examples
of applications include cleaning/sterilization, coating or depositing, and implantation
modification of surface chemistry of a substrate. Orthopedic prostheses are made harder and
more wear resistant by ion implantation into the articulating surfaces. Orthodontic appliances,
surgical instruments, and venous catheters, are treated to improve friction, fretting resistance
and biocompatibility. Orthopedic hip and dental implants need bone adhesion control on the Ti
alloy surface by Ca. lon implantation, and artificial blood vessels require endothelial cell
adhesion control on polymeric surface by ion implantation for non-thrombogenicity [87].

Table 1-2 lists some of the more common research areas and applications of plasma treatment
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in biomaterials [88] and Table 1-3 shows the advantages of plasma deposited films in

biomaterial

Table 1-2 Common research areas and applications of plasma treatment in biomaterials engineering

Vascular grafts, catheters, stents, heart-valves, membranes
Blood-compatible surfaces (e.g. for hemodialysis), filters (e.g. for blood cell separation),
biomolecules immobilized on surfaces

Intraoculars (IOLs), contact lenses, wound healing, catheters,

Non-fouling surfaces

_’ biosensors
Tissue engineering and cell culture Cell growth, antibody production, essays, vascular grafts
Stel.qhzatlon of surgical tools and Gutting-tonls ol Siuseis, Twsszsrs
_devices e
Biosensors Biomolecules immobilized on surfaces
Drug-release, gas-exchange membranes, device protection,
Barriers coatings corrosion protection, reduction of leaches (e.g. additives,

catalysts, plasticizers, etc.)

Table 1-3 Advantages of plasma-deposited films in biomaterials applications

Easy preparation

_Unique film chemistry
Coated on unique substrates with good adhesion
Conformal and pin-hole free films
Excellent permeation barriers with low level of leachables
Sterile upon preparation

applications [76]. More information can be found in the article of Ratner et al [89, 90].
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Chapter 2 Experimental

Experimental

2.1 Deposition systems

2.1.1 A reactor for preparation of nanocomposite Ti/hydrocarbon plasma polymer films

The typical operating pressure of magnetron sputter sources lays around 1 Pa (see section 2.2
for detailed magnetron description). At this pressure, current densities still sufficient for
efficient sputtering of the target material and cleaning of poisoning films can be achieved
while the sputtered species are almost collisionlessly transported to the substrate over distance
of the order of few cm. Because the operating pressure of 1 Pa is five orders of magnitude
lower than the atmospheric pressure, it is clear that a vacuum system becomes the central part
of the experimental setup design.

Compared to the base pressure of most high-vacuum pumps, the required operating pressure
does not seem to put much demand on the pumping system at the first sight. However, when
highly reactive materials like Ti are sputtered, the situation becomes more critical. If the
residual pressure of the contaminants, e.g. the water vapor in the vacuum chamber is high
compared to the flux of sputtered particles, these can react with each other and an oxide film
instead of metallic film is deposited. Within this work a process for the deposition of films of
total thickness of less than 1 um had to be developed.

Ti/hydrocarbon plasma polymer films were deposited using an unbalanced magnetron (120
mm in diameter) designed in our laboratory with Ti target (75 mm in diameter) operated in the
DC mode in a working gas mixture of Ar (of 99.99% purity)/n-hexane(Aldrich, hexane 99+%,
CH3(CH;)4CH3). The arrangement of the deposition system is shown in Fig. 2-1. The vacuum
chamber was pumped by rotary and diffusion pumps to the base pressure better than 5:10™ Pa.

The depositions were performed at a working pressure of 2 Pa. The pressure was measured by
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MKS Baratron 626 absolute pressure transducer. The flow rate of argon was automatically
adjusted by a flow-controller (MKS instruments) and set to the value of 19 sccm. The flow
rate of n-hexane was manually controlled by a needle-valve to the values of 0.1 — 6.6 sccm.
The depositions in pure Ar and n-hexane were also performed. The substrate holder was
placed opposite to the magnetron at a distance of 50 mm from the target. A direct current
generator MDX 1.5K (Advanced Energy) powered the magnetron in a constant current mode
(0.2 A). The target surface was cleaned with abrasive paper and alcohol before and after of

each experiment, except the experiments in pure Ar.
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Fig. 2-1 Schematic diagram of the experimental setup for titanium deposition (M magnetron, H substrate holder,
QCM - Quartz Crystal Microbalance, L load-lock, OES — Optical Emission Spectroscopy, MFC - mass flow

controllers)

2.1.2 Reactor for polypropylene surface oxidation in low pressure DC discharge operated

in oxygen and water vapor.

PP film treatment by DC low-pressure discharge was carried out in a homemade flow reactor
in Ivanovo State Untversity of Chemistry and Technology (Fig. 2-2) equipped with cylindrical
glass tube having internal diameter of 3 cm. Three hollow cylinder electrodes (aluminum) 2.9
cm in diameter were used for discharge excitation. Changing the order of the electrodes
connection enabled treating the samples both in positive column and in flowing discharge
afterglow. Polymer sample was placed as a ring on an inner thermally stabilized reactor wall.

The sample temperature was maintained at 343 K and its area was 18.8 cm® Freshly cut
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samples were used for each experiment. Flow rate was 50 cm/s under normal conditions. After
placing the sample in the reactor, the reactor was first pumped down until 0.1 Pa pressure.
During the treatment, the oxygen and water vapor pressure was 100 Pa and discharge current

was 80 mA. Degassed double-distilled water was used as a source of water vapor.
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Fig. 2-2 Schematic diagram of the experimental setup for polypropylene surface oxidation
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2.2 Unbalanced magnetron

A prototype of the unbalanced magnetron used in this work corresponds to the type II
according to the classification given by Window and Savvides in [91] and was constructed in
our laboratory. The cross-section of the prototype construction along with the shape of the
magnetic field, plasma and the substrate position is shown in Fig. 2-3. The SrO-6Fe;O3
magnets with B, = 0.3 T (1) are mounted as the outer part of the magnetic circuit as shown in

Fig. 2-4,

Fig. 2-3 Cross-section of the unbalanced magnetron: 1 - magnets, 2 - iron parts, 3 - coolant channel, 4 - shielding

(ground), 5 - insulator, 6 - target, 7 - copper membrane, 8 - coolant channel, 9 - substrate position

Fig. 2-4 Scheme of magnetic circuit in our unbalance magnetron

The sputter target (6), 80 mm in diameter, is mounted using the ring-shaped mechanical target
clamp (2) and connected to the cathode of the power supply over the copper tubing of the
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cooling circuit (8). As more than 90 % of the magnetron operating power is transformed into
heat in the sputter process at the target surface and since the magnetron body is located in
vacuum environment, a cooling system providing sufficient heat transfer from the target
becomes an important part of the magnetron design. In our case, power of the order of few 100
W must be efficiently transported away in order to protect magnetron from mechanical
deformations as well as to protect the magnets from the demagnetization process. Low
temperatures are also desired to prevent excessive degassing of hidden magnetron surfaces and
magnets. Therefore water cooling with water channel (3, 8) behind the target is used. To avoid
breakthrough of water into the vacuum system, the target is cooled indirectly over a copper
membrane (7). In contrast to the original prototype, where a copper plate is sealed against the
water circuit by an O-ring, a copper membrane (6) hard-soldered directly to the water channel
(3) 1s used. This construction provides more robustness, reliability, and very efficient cooling
because the deformation of the membrane under water pressure (6 — 8 bar) guarantees good
thermal contact with the target. The magnetron body is enclosed in grounded shielding made
of aluminum and insulated by a Teflon spacer (5) from the cathode potential. On the top of the
spacer, Teflon flange that serves as vacuum and electrical feedthrough is attached (Fig. 2-5).

Vacuum sealing of the copper tubings is done using O-rings.

Fig. 2-5 Photograph of the unbalanced magnetron
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2.3 Materials
Hexane 99+% purity (CH3(CH,)4CHj) used for preparation of Ti/hydrocarbon films was

purchased in Sigma-Aldrich company.

Microscopic glass slides (Marienfeld, Germany, 76x26x1 mm) were used for water contact
angle measurements, biological tests.

Silicon wafers (111) used for XPS, RBS/ERDA and AFM were purchased in “On
Semiconductor Czech Republic, a.s.”.

S160 carbon films 200 mesh Cu (50) used for TEM diagnostics were purchased in “Agar
Scientific, UK”.

Glass slides coated with hydrocarbon plasma polymer films sputtered in pure n-hexane (less
than 1 atomic % of Ti) or pure argon (20 atomic % of Ti) or uncoated slides were cut into
pieces of the size of 8 x 8 mm and sterilized by germicide UV irradiation for 60 min on each
side. The samples were then inserted into Nunclon Multidishes (NUNC, Denmark, 24 wells,
diameter 15 mm) and seeded either with human osteoblast-like cells of the line MG 63
(European Collection of Cell Cultures, Salisbury, UK) or bovine pulmonary artery endothelial
cells of the line CPAE (ATCC CCL 209, Rockville, MA, U.S.A.). Each dish contained 10 000
cells per cm” and 1.5 ml of the culture media. For MG 63 cells, Dulbecco-modified Eagle
Minimum Essential Medium (DMEM, Sigma, U.S.A., Cat. No. D5648) was used, while
CPAE cells were incubated in Eagle's Minimum Essential Medium (E-MEM, Gibco, Cat. No.
41500-067) supplemented with 2mM L-glutamine and Earle’'s BSS with 1.5g/. sodium
bicarbonate, 0.1 mM non-essential amino acids and 1 mM sodium pyruvate (all chemicals
from Sigma, U.S.A.). Both types of medium contained 40pg/ml of gentamycin (LEK,
Ljubljana, Slovenia) and 10% or 20% of fetal bovine serum (Sebac GmbH, Aidenbach,
Germany) for DMEM and E-MEM, respectively. The cells then were cultured at 37°C in air
atmosphere with 5% CO, for 1, 3 or 7 days. For each experimental group and time interval, 6
to 10 independent samples were used.

Commercial isotactic PP of 60 um thicknesses was used for study of polypropylene surface
oxidation in DC low pressure oxygen and water vapor discharges and in flowing afterglow of

water vapor discharge.
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2.4 Diagnostic instruments

This section describes the diagnostics instruments installed permanently at the main reactor
chamber and used routinely throughout the experimental work and several other instruments

which were used ex-situ.

2.4.1 Optical Emission Spectroscopy (OES)

In-situ diagnostics of plasma polymerization process was performed by optical emission
spectroscopy (OES). The self-built OES apparatus consists of an optical fiber, ARC
SpectraPro-300i monochromator with grid and Hamamatsu photomultiplier R928 [92]. The
optical fiber was connected to the reactor co-axially and detected emission through a quartz

window.

2.4.2 Thickness measurements

The thickness of plasma polymers deposited on glass was determined using surfometer (Planer
Industrial, SF 200) via the scratch test. In this method, several scratches are made on the
sample and then the tip of surfometer scans the surface profile in direction perpendicular to the
scratches.

For the films with thickness less than 100 nm, the sensitivity of the surfometer was insufficient
and atomic force microscopy (AFM, Quesant, Q-Scope 350) was used instead for the scratch
test. The accuracy of the thickness measurements by both surfometer and AFM was estimated

to be ~20%.

2.4.3 Mass spectroscopy

Monopole mass-spectrometer MX-7304 (Russia) was used for analysis of polypropylene
treatment in plasma and in afterglow (Section 3.2.3). The ion source was pumped by
differential getter-ion pump NORD 250 (Russia) to the pressure better then 10°® Torr. Taking
of a sample was performed through the diaphragm, which was placed on a distance of 10 mm

from the sample in the direction of gas flowing (Fig. 2-2).
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2.4.4 Scanning probe microscopy (SPM)
This analysis was done at Nagoya University in Japan. The Ti/hydrocarbon films were imaged
in air at a relative humidity of 35-40% by an SPM (SPA-300HV+SPI-3800N, Seiko
Instruments Inc) in Dynamic Force (DFM), Kelvin Force (KFM) and Visco-Elastic Atomic
Force (VE-AFM) modes. A limited number of the AFM force-distance measurements were
conducted under 10° Pa vacuum. The DFM, KFM, VE-AFM and adhesion force
measurements were conducted by using a gold-coated silicon cantilever with a spring constant
of 1.8 N/m and a resonance frequency (f;) of 23-25 kHz. The scan rate was 1 Hz and the
resolution was 256 data points for all the measurements. The topography measurements were
performed in the DFM mode analogous to the tapping mode.
The KFM mode is a two-pass technique. In the first pass, the tip is scanned over the surface
under conventional DFM mode and topography is acquired. Then the tip is retraced over the
same scan line but it is no longer driven by mechanical oscillations of the piezo. Instead, the
sinusoidal voltage is applied on the tip. If the surface bears a local electric charge, the resulting
capacitive force between the tip and the surface leads to cantilever oscillations. These are
suppressed by the feedback circuit adjusting the tip voltage which, in this case, is equal to
surface potential. In this work, an alternating current voltage of 5 V at a frequency (f;-2 kHz)
was applied between the probe and sample.
The VE-AFM measurements combine two-dimensional scanning at constant tip-surface force
with the sinusoidal modulation of vertical position of the sample. This results in an indentation
of the tip against the sample which depends on stiffness of the latter. The softer areas are
indented deeper and induce less cantilever deflection. Therefore, the lower and higher
cantilever amplitude measured by a position sensitive detector is indicative of softer and
harder areas, respectively. The response of strain to oscillatory stress depends on viscoelastic
properties of material. Purely elastic materials have in-phase strain-stress relation, whereas in
purely viscous materials there is a 90 degree phase lag between stress and strain. Viscoelastic
materials have both elastic and viscous properties and exhibit stress-strain phase lag
somewhere in between 0 and 90 degrees. The complex dynamic modulus is written as follows.

G=G+ iG" 2.2
In this equation G’ and G” are storage and loss modules, respectively. G’ characterizes the
stored energy and is related to elastic contribution. G” represents dissipated energy and is
related to viscous contribution. Both are expressed as is shown in next two equations.

0o

G' =—coséd 2.3
€0



Diagnostic instruments
ag .
G' =-sinéd 2.4
€0

In last two equations oy, & and & are amplitude of stress, amplitude of strain and phase lag
between them, respectively. The SPM used in this work allowed mapping real and imaginary
contributions of cantilever amplitude in a form of 4y cosd and 4ysind. Consequently, Ay coso
and A4sind were related to elasticity and viscosity of the sample, respectively. The cantilever
was sinusoidally modulated with amplitude of 5 nm and frequency of 5 kHz.

The adhesion forces between the Ti/hydrocarbon films and silicon were assessed by taking the
force-distance curves in air and in vacuum. For this purpose, the cantilevers with the silicon
tips were consistently cleaned with acetone, ethanol and water, and dried under gentle nitrogen
flow. Furthermore, a series of experiments was done with fibrinogen covered tips.

The performance of implants in contact with blood depends on their ability to prevent
thrombus formation. It is generally recognized that biological reactions between a tissue and
artificial implants are mediated by protein adsorption. Fibrinogen is a blood plasma protein
playing an important role in surface induced blood clot formation (thrombosis) through the
polymerization to fibrin. Hence, a research on interaction of fibrinogen with materials
intended as implants is relevant.

Fibrinogen was unspecifically adsorbed by incubating the clean silicon cantilever in solution
of fibrinogen in PBS. Multiple rinsing with PBS and water was applied thereafter to remove

an excess of the protein.

2.4.5 Rutherford back-scattering spectrometry (RBS) and elastic recoil detection (ERD)

The elemental composition of the Ti/hydrocarbon plasma polymer films was also determined
by Rutherford back-scattering spectrometry (RBS) and elastic recoil detection (ERD) methods
using a Van de Graaf accelerator. The a-particles and protons at kinetic energies between 1
and 3.5 MeV have been elastically scattered by the sample. Since the energy of the reflected
species by o -particles strongly depends on the mass of the reflecting sample atoms, the mass
discrimination is obtained. By counting the a-particles as a function of energy, the number of
atoms of each element present can be determined.

Once the sample irradiated with o -particles, light elements (e.g. H) from the sample are
scattered in forward directions and can be detected with a Si detector. From the measured

energy spectrum of the recoils a concentration depth profile can be calculated.
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The elemental content in composite plasma polymer films was measured. The C and O content
was measured using the energy of a -particles of 2.75 MeV. RBS spectra were evaluated by
computer code GISA 3, whereas ERD spectra by the SIMNRA code, both using cross-section
values from SigmaBase.

This analysis was performed in Department of Neutron Physics, Academy of Science of the

Czech Republic.

2.4.6 Transmission electron microscopy (TEM)

Transmission electron microscopy observations (TEM) were performed on a JEOL 2000 FX
electron microscope with the aim to observe the morphology of Ti/hydrocarbon polymer thin
films. Carbon coated 300-mesh copper grid (3mm in diameter) was used as a specimen (S160,
Elektronenmikroskopie, Austria). Thickness of the carbon coating is less than 3nm. Thickness
of studied films was 50 - 100 nm.

This analysis was performed at Department of Metal Physics, Charles University Czech
Republic.

2.4.7 X-ray photoelectron spectroscopy (XPS)
For the XPS study, the ultrahigh vacuum (UHV) system (base pressure about 6-10'° Pa) was

equipped with a multi-channel hemispherical electrostatic analyser (Phobios 100, Specs), a
dual (Al/Mg) anode X-ray source and a differentially pumped sputter ion source (XRS50,
Specs). In this work the Al Ka line (1486.6 eV) was used with the incidence angle of X-ray
45° to the surface plane. The analyser was operated in the retarding-field mode, applying the
pass energy of 40 eV for survey scans and 10 eV for all core level data. The XPS peaks were
charge referenced to the aliphatic C 1s (C-C, C-H) component at 285.0 eV. XPS peak
positions were determined with an accuracy of 0.1 eV. This setup belongs to Department of

Macromolecular Physics.

XPS (PHI Quantera SXM, ULVAC-PHI, Monochromatic Al Ka) was also used for the
analysis of the surface composition of polypropylene. The photoemission angle was normal to
the surface. High-resolution and survey spectra were collected at a pass energy of 80 and 20
eV, respectively. The XPS peaks were charge referenced to the aliphatic C 1s (C-C, C-H)
component at 285.0 eV. Analysis on this setup was performed at National Institute for

Material Science, Tsukuba, Japan.
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2.4.8 Fourier Transform Infra-Red spectroscopy (FTIR)
A spectrophotometer (AVATAR System 360 ESP, Nicolet) equipped with multiple internal

reflectance apparatus was used to obtain the ATR-IR spectra of plasma-treated polypropylene
surface. ZnSe prism with a refraction coefficient of 2.4 and the number of reflections equal to
12 was used as an internal reflection element. Wavelength range from 4000 to 400 cm™ was
scanned 32 times for spectrum integration. The scanning resolution was 2 cm™. At least 5
samples were used to obtain the average value of optical densities. The optical densities were
normalized by dividing them by the value of own vibration band which represented -CH,-

group in the main polymer chain and appeared at 2915 ¢cm™.

2.4.9 Contact angle measurement and surface energy

The contact angle measurement was performed on the nanocomposite films deposited on glass
substrates. The contact angle of water was measured in the static mode when the constant time
(30 sec) passed after dropping of water. The value of the contact angle has been estimated
from five independent measurements of water drops (about 2 mm in diameter) with a contact
angle device (self built) by a sessile drop method at a room temperature (18-20°C).

To determine the surface free energy of treated PP films, the static contact angles were
measured at room temperature by the method of reflected light diagram [93, 94]. In this
method a reflected light diagram is obtained from the He-Ne laser (A=638 nm) used as a light
source after dropping sessile drops of both distilled water and glycerol on the modified surface.
Then, the surface free energies, together with both polar and dispersion components, were

calculated on the basis of the Fowke’s equation [95].
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2.5 Biological tests

2.5.1 Evaluation of cell adhesion, growth and differentiation

Cell adhesion was evaluated by the number of initially adhered cells, cell adhesion area,
assembly of focal adhesion plaques and concentration of talin, a component of focal adhesion
plaques participating in the process of cell-substrate adhesion by connecting integrin adhesion
receptors to actin cytoskeleton.

For the first two criteria, the cells in 1-day- old cultures were washed in phosphate-buffered
saline (PBS, Sigma, U.S.A.) fixed with pre-cooled 70% ethanol (-20°C, S min) and stained
with hematoxylin and eosin (Sigma, St. Louis, MO, USA) according the manufacturer’s
protocol. Their numbers were estimated by the phase-contrast microscope (Olympus 1X 50,
Japan) on microphotographs taken with a digital camera Olympus DP 70. The cells were
counted in 9 randomly selected fields on each sample. On the microphotographs, the size of
the cell-material contact area was also measured using a software Atlas (Tescan S.R.O., Brno,
Czech Republic; 25-35 cells in 6 randomly selected areas on each sample). Cells in contacts
were excluded from the analysis.

Focal adhesion plaques were visualized by immunofluorescence staining of talin (please see
Section 2.5.2), and the concentration of talin was determined semi-quantitatively ELISA per
mg of protein in cell homogenates obtained by ultrasonication (please see Section 2.5.3).

Cell proliferation was estimated by the changes in cell number from day 1 to 7 after seeding,
demonstrated by the course and shape of growth curves. The hematoxylin-eosin-stained
specimens were used for counting cells in the earlier culture intervals (day 1 and 3). In the
later interval (day 7), when the cells were confluent or formed multilayered regions, the cells
were detached with a trypsin-EDTA solution (Sigma, U.S.A, Cat. N° T4174) in phosphate-
buffered saline (PBS), and counted in a Biirker haemocytometer.

Osteogenic differentiation of MG 63 cells was evaluated by the concentration of osteocalcin, a
calcium-binding extracellular matrix glycoprotein. Maturation of endothelial cells was
estimated by their ability to form confluent cobblestone-like cell layer and by the
concentration of von Willebrand factor, a member of the hemocoagulation cascade. Both
osteocalcin and von Willebrand factor were visualized by immunofluorescence staining
(please see Section 2.5.2), and their concentration was measured semi-quantitatively by

ELISA (please see Section 2.5.3).
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2.5.2 Immunofluorescence staining of talin, osteocalcin and von Willebrand factor

On day 3 after seeding, the cells were fixed with cold 70% ethanol (-20°C, 5 min), pre-treated
with 0.5% bovine serum albumin in PBS containing 0.05% Triton X-100 (Sigma, St. Louis,
MO, U.S.A.) for 20 min at room temperature and incubated with primary antibodies listed in
(Table 2-1A). As the secondary antibodies, goat anti-mouse or goat anti-rabbit IgG, both
conjugated with Alexa Fluor 488 and diluted in PBS, were used after staining with
monoclonal and polyclonal antibodies, respectively (Table 2-1B). The cells were mounted in
Gel/MountTM  (Biomeda Corp., CA, U.S.A) and evaluated by Olympus IX 50

epifluorescence microscope equipped with a digital camera DP 70 [20, 21].

2.5.3 ELISA of talin, osteocalcin and von Willebrand factor

The cells were seeded onto hydrocarbon plasma polymer films deposited directly on
polystyrene Petri dishes (TPP, Switzerland; diameter 3 cm; 10 000 cells/cm?, 5 ml of the
culture media). On day 7 after seeding, the cells were harvested with trypsin-EDTA solution
(see above) in PBS for 5 min at 37°C and treated with an Ultrasonic Homogeniser (Bandelin
Sonoplus HD 3080, BANDELIN electronic GmbH & Co. KG, Germany). For better exposure
of epitopes of talin, the cell homogenates were incubated with 0.1% Triton-X100 (Sigma, St.
Louis, MO, U.S.A.) in PBS at 4°C overnight. Protein content was determined by a modified
Lowry's method [96, 97]. Aliquots of the homogenates corresponding to 1 - 50 pg of protein
were diluted in 50 pl of water and adsorbed on 200 pl wells of a 96-well microtiter plates
(Maxisorp, Nunc, Roskilde, Denmark) at 4°C overnight. After washing twice by PBS (100
ul/well), the non-specific binding sites were blocked by 0.02% gelatin in PBS (60 min, 100
pl/well). The primary antibodies listed in (Table 2-1A) were diluted in PBS and applied in the
amount of 50 pl/well for 60 min at room temperature. As secondary antibodies, goat anti-
mouse and goat anti-rabbit IgG, both conjugated with peroxidase, were used after staining
with monoclonal and polyclonal antibodies, respectively (Table 2-1C). Both secondary
antibodies were diluted in PBS and applied for 60 min at room temperature (50 pl/well). After
double washing in PBS-0.1% Triton X-100 solution, the orthophenylendiamine reaction
(Sigma, St. Louis, MO, U.S.A.) was performed using 0.05% H,0; in 0.1M phosphate buffer
(pH 6.0, dark place, 100 pl/well). The reaction was stopped after 10 min by 2 M H,SO4 (50
ul/well). The absorbance was measured in the Multilabel Counter Wallac Victor® 1420 (Perkin
Elmer Life and Analytical Sciences, Inc., Wellesley, MA, U.S.A.) at a wavelength of 492 nm.
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The absorbances obtained in cells grown on argon-sputtered hydrocarbon plasma polymer

films containing 20 at.% of Ti were expressed in % of values measured in cell samples taken

from the hexane-sputtered films with less than 1 at.% of Ti. For each experimental group, 6 to

8 independent cell samples were evaluated.

Table 2-1 Primary and secondary antibodies used for immunofluorescence (Immf.) and Enzyme-Linked

Immunosorbent Assay (ELISA) of adhesion-mediating molecules and markers of differentiation in osteoblast-

like MG 63 cells and vascular endothelial CPAE cells

A. Primary antibodies

Developed

Antibody against in, Type Company, Cat. No. Dilution Incubation
Mouse Chemicon Int.2 Immf.: 1:200 | Immf.: Overnight, 4°C
Human talin ’ e
monoclonal MAB3264 ELISA: 1:500 | ELISA: 60 min, RT4
. Rabbit Chemicon Int.2, Immf.: 1:200 | Immf.: Overnight, 4°C
Human osteocalcin ’
polyclonal AB1857 ELISA: 1:500 | ELISA: 60 min, RT4
Human von Rabbit Immf.: 1:200 | Immf.: Overnight, 4°C
. ’ Sigmab, F 3520
Willebrand factor polyclonal ELISA: 1:500 | ELISA: 60 min, RT4

B. Secondary antibodies for immunofluorescence

Antibody : Conjugated Company, - .
S Developed in Type with Cat. No. Dilution | Incubation
F(ab)2 Alexa Molecular
Mouse Goat fragment of Fluor® 488 Probesst, 1:400 60 min, RTd
IgG (H+L) A11017
F(ab")2 Alexa Molecular
Rabbit Goat fragment of Fluor® 488 Probese, 1:400 60 min, RTd
IgG (H+L) A11070
C. Secondary antibodies for ELISA
Antibody . Conjugated | Company, oy .
aguingt Developed in Type ik Cat. No. Dilution | Incubation
IgG Sigmab,
Mouse Goat . peroxidase 1:1000 60 min, RTd
Fab specific A3682
, 1eG Sigma®, | 1:5000 _
Rabbit Goat whole peroxidase N 60 min, RT4d
molecule 0o4b

TChemicon International Inc., Temecula, CA, U.S.A.; Czech dealer: Scintilla S.R.O., Jihlava, Czech Republic

b Sigma, St. Louis, MO, U.S.A.; Czech Dealer: Sigma-Aldrich S.R.O., Prague, Czech Republic
°Molecular Probes, Eugene, OR, U.S.A.; Czech dealer: KRD Ltd., Prague, Czech Republic

d
Room temperature
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2.5.4 Statistical analysis

Quantitative results were expressed as means + SEM from 6 - 10 samples for each
experimental group. Statistical analyses were performed using SigmaStat (Jandel Corporation).
Multiple comparison procedures were made by the One Way Analysis of Variance (ANOVA),
Student-Newman-Keuls method. The p values equal to or less than 0.05 were considered

significant.
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Chapter 3 Results and discussion

Results and discussion

3.1 Nanocomposite Ti/hydrocarbon plasma polymer films

3.1.1 Diagnostics of deposition process

Deposition process is very sensitive to the working gas composition and external process
parameters. The investigated deposition process is not stable by itself in the presence of
reactive gas at fixed external process parameters. Therefore, diagnostics providing more
adequate insight into the internal state of plasma are necessary for a better characterization and
active process control. Several diagnostic methods have been previously deployed for the
control of reactive sputter processes [98]. Among these, the optical emission spectroscopy
(OES) and quartz crystal microbalance (QCM) were considered for the purpose of this work as

the best candidates for in-situ measurements.

3.1.1.1 Optical Emission Spectroscopy

For the OES diagnostics, the optical spectrometer setup discussed in Section 2.4.1 was used. A
typical OES spectrum of the light emitted from the discharge from the racetrack area of the
target is shown in Fig. 3-1. The emission lines were assigned with the help of the atomic
spectral line database [99]. The Ar gas discharge spectrum is dominated by Ti, Ar, neutrals
and Ar + peaks. With an increasing concentration of n-hexane in the discharge, the Ti, Ar,

neutrals and Ar + peaks still dominate the spectrum, while their intensities decrease.
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Fig. 3-1 OES spectra acquired in Ar discharge at 0.2 A, monitored Ar and Ti peaks denoted by color

It is well known that the walls and components of the reactor are covered with the layer of
water and residual gas molecules in our case when using pumping system with rotary and
diffusion pumps (the range of values generally is from 1:10” up to 110 Pa). A number of
experiments were performed to obtain optimum parameters to avoid influence of those
impurities.

Fig. 3-2 shows the difference in the OES spectra and real photo of the discharge during first
minutes after ignition of the discharge. Intensity of lines which correspond to the CO, CH (red
line) and OH (black line) groups is decreasing and after 4 minutes intensity of those lines
decreases to the noise level. Intensities of Ti (gray region) and Ar (red region) show
practically similar growing behavior during the first 2 minutes, but after 3 minutes they

stabilize and remain the same up to the end of the experiment.
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Fig. 3-2 Changes of the OES during the first minutes after starting the discharge

The typical optical emission spectra taken from the discharge in Ar, n-hexane and mixtures of
these gases are shown in Fig. 3-3. The spectra were acquired after the discharge was stabilized
(after 4 minute period from the beginning). Sputtering in pure Ar leads to intensive emission
of neutral Ti atoms with a minor contribution from Ar atoms (Fig. 3-3a). When adding even a
small amount (<5%) of n-hexane to argon, a considerable decrease in Ti emission intensity is
observed, and in this case, the Ar lines dominate the spectrum (Fig. 3-3b). For depositions in
pure n-hexane there is no emission from Ti and Ar atoms, and the spectrum consists of the CH
and atomic hydrogen lines (Fig. 3-3c). Such a drastic decrease in sputtering yield of Ti is
readily explained by the poisoning effects when the surface of the titanium target is covered

by a dielectric carbonaceous layer formed from the plasma polymerization products.
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Fig. 3-3 The OES spectra taken in discharge of: a) pure Ar, b) mixture of Ar (97%) and n-hexane (3%) and ¢)
pure n-hexane

The amount of Ti in the resultant films depends strongly on the composition of the reactive

gas mixture and the OES analysis may serve as a powerful tool for controlling the deposition
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of the films with required composition. For this purpose, we selected intensive and not
overlapped lines of Ar at 420.1 nm and Ti at 465.3 nm. Fig. 3-4 demonstrates the deposition
parameters adjustment. The discharge was initiated and maintained in pure Ar for 5 minutes
with the substrate-holder hidden by shutter (period A). The first minutes of operation are
characterized by the rapid increase and successive stabilization of emission from Ti atoms
during next several minutes. Next, the valve to hexane line was opened and adjusted to give an
intended Ti/Ar ratio (periods B, C). After that the shutter was removed and the deposition was
started.

——Ti (A = 363,5 nm)
— Ar (A = 420,1 nm)

2000

1500

500

; i L ; d . o i
0 100 200 300 400 500 600
t, sec

Fig. 3-4 The OES monitoring of the Ti and Ar lines during the deposition

3.1.1.2 Deposition rate in Ar/hexane mixture

Structure, chemical composition and morphology of Ti/hydrocarbon plasma polymer films
were investigated in dependence on the flow rates of Ar and hexane in the working gas
mixture. After series of experiment an optimum deposition conditions were determined. The
deposition rates in pure argon, hexane and there mixture were determined by means of a
quartz crystal microbalance. Position of quartz crystal microbalance gauge head above the
erosion track of the magnetron target was kept the same (please see Fig. 2-1). Film thickness
was estimated by profilometry and AFM with the accuracy within ~10% (please see Section
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2.4.2). The dependence of the film thickness on the deposition time for the working gas of
different composition is plotted in Fig. 3-5.
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Fig. 3-5 Influence of the working gas composition on the film growth

Red line corresponds to the sample deposited in the mixture of argon (99.16%) and hexane
(0.84%). As it will be shown later, the chemical composition of the surface of the resultant
film is dramatically changing even is case of adding a small amount of hexane. Fig. 3-6 shows
the dependence of the deposition rate of the nanocomposite films versus surface atomic
concentration of Ti as obtained from XPS measurements. The flow rate of hexane was varied
from 0.1 to 6.0 sccm which corresponds to ~17 at.% and 0 at.% of Ti, respectively. The
highest amount of Ti in the films was achieved only during experiment in pure Ar atmosphere.
Fig. 3-6 reflects the point that adding hexane to argon in working gas mixture metallic Ti
target gets poisoned which decreases emission of Ti. Because of sputter yield of carbonaceous

coating on the target is very low the overall deposition rate is decreasing.
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Fig. 3-6 Deposition rate versus surface atomic concentration of Ti derived from XPS spectra

3.1.2 Film deposition

3.1.2.1 Deposition conditions

The flow rate of the working gas Ar was fixed at 19 sccm. Presence of Ar is needed to sustain
equilibrium between sputtering and deposition of the carbonaceous layers on the target
because the sputter efficiency of carbon deposits is very low. The process pressure was
adjusted at the beginning of the deposition process to 2 Pa by a throttle valve installed between
the reactor and the diffusion pump. During the deposition process, the hexane flow rate was
fixed. The DC power source was operated in constant current mode at discharge current of 0.2
A. The value of the discharge voltage in constant current mode is the lowest with a clean
target (please see section 3.1.4). The samples were deposited mainly on Si (111) substrates
precleaned with acetone, ethyl alcohol and distilled water in ultrasonic bath (ELMA

Transsonic 310/H). Typical operating conditions are summarized in Table 3-1.
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Table 3-1 Typical process parameters during the deposition

Parameter Value
Base pressure <5107 Pa
Leak rate <2.2:10% scem
Process pressure 2 Pa
Argon flow rate 19 sccm
Hexane flow rate 0.1-6.6 sccm
Discharge current 0.2A
Cathode voltage ~280-440V
Deposition time up to 1 hour

3.1.2.2 Substrates arrangement

Fig. 3-7 Substrates arrangement for further: a) biological experiments; b) film analysis

Several types of the sample arrangements were used. Fig. 3-7 illustrates the two used layouts.
Also position of the erosion zone of the target, which is 40 mm in inner diameter, is shown.
The first layout was employed to prepare the samples for biological analysis (Section 2.5) (Fig.
3-7a). The second corresponds to deposit the films for XPS, AFM and FTIR characterizations
(Fig. 3-7b). For more details of used substrates see the following table.

Table 3-2 Substrates description

Sample Ne Material Instrument Description
1 Tissue culture dishes ELISA Section2.5.3
2 Si(111) (1.5x1.5 cm) XPS Section 2.4.7
3 Sections
3 glass {(1x1 cm) bio tests 251,252
4 Slgnl) (3.5x1:5 cm) AFM Section 2.4.2
with mask

glass (1.5x3 cm) covered
by gold

6 Si (1x1 cm) FTIR transmission Section 2.4.8

FTIR RAS Section 2.4.8
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In addition, a series of depositions was performed on copper grids for TEM analysis and on

clean glass slides for wettability tests. The samples were facing erosion zone of the magnetron.
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3.1.3 Film analysis

3.1.3.1 XPS - surface analysis

The XPS was applied to the films sputtered in argon/hexane mixtures of different composition.
The analysis of the films sputtered in pure argon and hexane was also performed.

Sputtering of titanium in pure argon did not produce pure metallic films in contrast with
analogous experiments with silver [100]. The XPS detected 24% of titanium, 58% of oxygen
and 18% of carbon; the latter probably originated from the hydrocarbon residues in the
apparatus. The measured 24% of titanium is a maximal concentration that was achieved during
a series of experiments; the concentration varying in the range of several percents under the
same deposition conditions. High amount of oxygen was incorporated because of intensive
oxidation of titanium when transferring the samples between the deposition chamber and XPS
spectrometer in the ambient air. As it is shown below on the high-resolution XP spectra of
carbon, titanium and oxygen (Fig. 3-8, Fig. 3-9, Fig. 3-10) nearly all of the titanium atoms are
present in the oxidized forms. The most drastic changes in the film composition were detected
when varying the n-hexane amount below 0.5% of the total working gas flow. The fitting

results and elemental composition for several of these films are summarized in Table 3-3.

Table 3-3 The XPS analysis of Ti/hydrocarbon plasma polymer films

Flow rate, sccm Pealk position - Elemental Total .
Sample Ne Element oV ! Assignment | content, at. concentration,
Ar n-hexane % at.%
281.8 C-Ti 2,2
285.0 C-C,C-H 87
Cis 286.6 c-0 9,9 72
287.8 C=0 03
288.9 0-C=0 0,6
454 Ti 1,8
Tizp1/2 455,2 TiC 2,3
13 19 0,22 456,8 TixOy 9,9
(1.15%) 458,5 Tio2 52,4 6
460 Ti 2
Tizp3/2 461,4 TiC 4,6
463,3 TixOy 11,1
464,6 Tio2 15,9
530 TiO2 58,5
O1s 531,6 TixOy 27,5 22
532,7 C-0, C=0 14
281.8 CTi 6,2
285.0 C-C, CGH 82,7
Cls 286.6 co 9 63,5
0,17 287.8 c=0 0,6
T208 B (0.89%) 288.9 0-C=0 1,5
454 Ti 3,9
Ti2p1/2 455,2 TiC 9,3 9
456,8 TixOy 8
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458,5 Ti02 9,2
460 Ti 0,7
Tizp3/2 461,4 T!C 21,5
463,3 TixOy 13
464,6 TiO2 34,3
530 TiO2 51,7
Ols 531,6 TixOy 35,3 27,5
532,7 C-0, C=0 13
281.8 C-Ti 17,6
285.0 C-C CH 71,5
Cls 286.6 oe] 58 48
287.8 =0 2,5
288.9 0-C=0 26
454 Ti 4,5
or | ™2 e Tnoy T
1% - (0.50%) 458,5 Tio2 5,9 17
460 Ti 1,9
Tizpa/2 461,4 TiC 23
463,3 TixOy 17,9
464,6 TiO2 26,8
530 TiO2 59,7
(6313 531,6 TixOy 28 35
532,7 C-0, C=0 12,3
281.8 C-Ti 5
285.0 C-C, C-H 74,8
Cls 286.6 c-0 7,5 24
287.8 Cc=0 7,5
288.9 0-C=0 5,2
454 Ti 6,9
Tizp1/2 455,2 TiC 5
— - o 456,8 TixOy 7,9
458,5 Tio2 13,2 23
460 Ti 6,5
Tip3/2 461,4 TiC 73
463,33 TixOy 12
464,6 Ti02 41,2
530 TiO2 75,8
O1s 531,6 TixOy 21,3 53
532,7 C-0, =0 2,9

Fig. 3-8a shows deconvolution of the C 1s XPS of the sample sputtered in the mixture of
argon and hexane with 0.5 % of n-hexane, whereas Fig. 3-8b demonstrates the evolution of the
C 1s XPS with increasing the n-hexane content in the working gas mixture. The main peak in
all the XPS corresponds to C-C/C-H bonds and is referenced at 285.0 eV. Part of the carbon
atoms is oxidized and produce a higher binding energy tail. This was fit with three
components at 286.7 (C-0), 287.8 (C=0) and 288.9 (0O-C=0) eV. Furthermore, the C 1s
spectrum is also characterized by the lower binding energy component. Its position at 281.8
eV allows assigning to titanium carbide. In the case of sputtering in pure argon (Fig. 3-8b
black line), the extent of carbon oxidation is higher as there is a strong intensity of the O-C=0

peak (for detailed view please see the inset of the figure). With increasing of hexane flow rate
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(Fig. 3-8b), this component becomes smaller and the entire tail is less developed. This is
consistent with elemental composition data (Table 3-3) showing 53 % of oxygen in the Ar-
sputtered versus 22 % in the film with highest flow rate of hexane. The overall intensity of the
carbon peak increases which reflects the increasing retention of carbon in the films (Table 3-3).
Another distinct difference between the spectra is related with remarkable enhancement of the
signal from titanium carbide. It reaches ~18 % of the total carbon signal for the 0.5 % n-
hexane/Ar mixture. At higher concentrations of n-hexane this component decays and none of

it 1s present in the film sputtered in pure n-hexane.

a) b) -C. C-
c-c,C-H t ol

| i |\ flow rate of n-hexane|
= o ) B oA | —— 0,22scem
g El — 'WEL 0,17 sccm
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260 288 286 284 282 280 290 288 286 284 282 280
Binding energy (eV) Binding energy (eV)

Fig. 3-8 The C 1s XPS of Ti/hydrocarbon plasma polymers: a) example of fitting (T214); b) evolution of the

spectra with n-hexane flow rate increasing

The high amount of oxygen, in particular in argon-sputtered film, cannot by itself account for
the higher extent of carbon oxidation because a significant part of oxygen is bound in titanium
oxide. Titanium oxide is known to form readily when metallic titanium is exposed to the
ambient air. The Ti 2p XP spectra depicted in Fig. 3-9 consist of 2ps» and 2pi» spin orbit
peaks. The dotted vertical lines indicate the positions of centroids of the fitting components.
The fitting procedure was optimized as follows. Each of the spin orbit peaks was fitted with
four components. First, the better resolved Ti 2p,, part was deconvoluted. Obviously, the
location of the strongest peak at 458.5 indicates that the main titanium species is TiO, (blue
line). Metallic titanium is usually found between 453.1 and 454.0 eV, and therefore a
restriction of binding energy <454.0 eV was imposed on the metal Ti component of the
spectrum (grey line). The peak at 455.2 eV was noticed to behave in accord with TiC
component of the C 1s spectra and thus it was ascribed to titanium carbide (green line). Such

assignment is further supported by the data from literature giving the position of TiC around
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455 eV. Moreover, it was necessary to add another fitting component to the region between
TiO; and TiC. Titanium monoxide reportedly gives peaks between 454.5 and 456 eV. It seems
reasonable to assign this component to substoichiometric titanium oxides TicOy (pink line).
After the fitting procedure for the Ti 2p;;, part of the spectrum had been performed the ratio
between integral intensities of the TiO,, TixOy, TiC and Ti peaks was calculated. Subsequently,
the Ti 2psn part of the spectrum was fitted by the same four components with the ratio
between them fixed at the values obtained from the Ti 2p;. The position of the TiO, and TiC
components was restrained at 464.6 and 464.1 eV with 0.1 eV tolerance, whereas the Ti,O,
and Ti peaks were allowed to fit with 0.4 eV tolerance. Finally, the overall deconvolution of
the Ti 2p spectrum was performed. As seen from Fig. 3-9, the deconvolution procedure works
well for all the spectra with a slight exception of the sample with 0.1 sccm of hexane where it
was impossible to maintain the ratio between the individual components for the Ti 2ps/, part.
The uncertainty in position and width of the substoichiometric titanium peak is probably
responsible for this shortcoming. The XP spectra demonstrate that in the near surface area
titanium is strongly oxidized, the dominating species being TiO, and substoichiometric

titanium oxides.
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Fig. 3-9 The Ti 2p XPS of Tithydrocarbon plasma polymers
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The O 1s spectra reveal double appearance which changes in dependence on the film
composition. The example of the oxygen peak deconvolution is shown in Fig. 3-10a for the
film sputtered with 0.5% of hexane. The distinct shoulder is shifted by 1.6 eV to higher
binding energy with respect to the main component at 530.0 eV. Both contributions can be
consequently ascribed to oxygen bound with titanium (the main peak) and oxygen bound with
carbon (the shoulder). Note that the width of the oxygen-titanium peak is more than 2 eV and
such a broadening is evidently caused by substoichiometric titanium oxides. Furthermore, two
components only did not suffice to fit the entire spectrum and the third peak was introduced at
532.8 eV. The presence of two bonding environments in the shoulder can be considered as the
contribution from the double (531.6 eV) and single (532.8 eV) oxygen-carbon bonds. The
chemical shift of about 1.5 eV between C=0 and C-O was reported previously in [Briggs,

Beamson].
a) Tio, b) M,
; \
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Fig. 3-10 The O 1s XPS of Ti/hydrocarbon plasma polymers: a) example of fitting (T214), b) evolution of the

spectra with n-hexane flow rate changing

The film sputtered in pure argon has only slight asymmetry with titanium oxides dominating
the spectrum (Fig. 3-10b). This comes in line with the low concentration of carbon in this film.
With increasing the amount of hexane in the gas mixture the concentration of carbon in the
film increases and the carbon-oxygen species contribute more significantly to the O 1s XPS.
As an instance, in the film deposited with 0.22 sccm of hexane about half of oxygen is bound
with carbon. Given that there is 22 % of oxygen in this film, ~11 % of it belongs to titanium.
The concentration of titanium is 6 % in this film and hence it is mainly in the TiO, form

(please also see Fig. 3-9d).
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Several final conclusions can be drawn from the XPS analysis. By adjusting the hexane
content in the gas mixture the concentration of carbon and titanium can be controlled in
reciprocal way. Titanium is present in the metallic, TiC, TixOy and TiO, forms, the latter being
dominant in all the cases except for the lowest admixtures of hexane where approximately
equal contribution from titanium carbide is detected. This is probably explained by the change
in plasma parameters when moving from argon to argon/hexane mixtures and further to pure

hexane plasma.

3.1.3.2 RBS/ERDA

The same films were analyzed using the RBS/ERDA. The results of elemental composition
calculated from the RBS/ERDA data are given in Table 3-4. As expected, the film sputtered in
pure hexane contains small amount (<1%) of titanium. The C/H ratio is almost equal to unity.
This value is much higher than that of the hexane precursor (C/H=0.43) which indicates the
high extent of unsaturation in the plasma polymer. The effect of hydrogen detachment during

plasma polymerization was previously observed for various organic precursors [101].

Table 3-4 The RBS/ERDA analysis of Ti/hydrocarbon plasma polymer films.

Sample Element Elemental content, at. %
H 58.0
Sputtering in pure Ar, Ti 20.0
2 Pa, 18 sccm, 0.2 A, 20 min C 9.0
(0] 11.0
H 48.0
Sputtering in pure hexane, Ti 0.6
2 Pa, 6 sccm, 0.2 A, 15 min € 47.9
0] 3.5

Oxygen is found within the hexane-sputtered film in amount of 3.5% as a result of post-
deposition oxidation in air. The RBS concentration of oxygen is lower but consistent with that
of XPS data taking into account that the latter does not detect hydrogen and gives over-
estimated concentration of the other elements.

The film sputtered in argon is remarkable for the anomalously high hydrogen content, the fact
which could not be established by XPS. Only 9% of carbon was detected by RBS which
contrasts with 58% of hydrogen. Highly unsaturated character of carbon being taken into
account, most of hydrogen must be bound with titanium. Titanium is known to bind gases,
hydrogen in particular, to form hydrides. We assume here that even small hydrocarbon

contamination results in significant increase of atomic hydrogen concentration in the plasma,
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which is effectively sorbed by titanium. Titanium is found in amount of 20% in this kind of
film. The concentration of oxygen is 11%. This value is much lower than that detected by XPS

and indicates that oxidation affects mainly the outermost layers of the film.

31.3.3TEM

The structure of the film bulk was analyzed by means of transmission electron microscopy
(TEM). For this purpose, a separate set of samples with thickness of 50-100 nm was deposited
on 3 nm carbon foils supported by 3 mm 200-mesh copper grids. Out of technical reasons the
deposition could not be carried out simultaneously with the deposition of thicker samples used
for the other analyses.

First TEM analysis was performed on a Jeol FX-2000 microscope at 200 kV accelerating
voltage (camera length 930 mm). TEM image (Fig. 3-11) demonstrates that the film deposited
by magnetron sputtering in Ar/n-hexane mixture is a composite hydrocarbon plasma polymer
with the embedded titanium aggregates (dark dots on the left photo).

AR 02 55 i

Fig. 3-11 TEM image of composite Ti/hydrocarbon plasma polymer film with a) 6 and b) 0 at.% Ti
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3.1.3.4 Contact angle measurement

Static contact angle measurements of the films revealed strong dependence on the
Ti/hydrocarbon plasma polymer composition. As it was shown by XPS measurements (please
see Section 3.1.3.1) the outermost layers of Ti-rich films consist mainly of oxidized titanium
spicies. For example, t he films with 17 and 23 at.% of Ti have 60 and 74% of TiOy,
respectively. It is known that substances such as TiOx and hydrocarbon exhibit different
behavior when their surfaces interact with droplet of water. Hydrophilic titanium oxide
surfaces are reported to possess static contact angle of several degrees. On the contrary,
hydrocarbon is highly water repellent material with contact angle of about 90 degrees.

Fig. 3-12 shows the results of water contact angle tests, which were done by the method
described in Section 2.4.9. The measurements were performed during first 30 minutes after
exposing samples to ambient air and on the samples of approximately equal thickness (150
nm) to exclude its influence. It is clearly seen that the films with higher amount of Ti on the
surface show hydrophilic behavior. With decreasing Ti concentration static contact angle
increases practically linearly.

When analyzing surface wettability one should bear in mind that roughness of the surface may
induce significant deviations in contact angle values. In order to estimate the influence of
roughness on the values of static contact angles, the AFM observations of topography were
performed. Typical AFM image of Ti/hydrocarbon plasma polymer film is shown in Fig. 3-12.
The roughness changes from 1.0 nm to 3.3 nm for the samples with 0 and 26 at.% of Ti
respectively.

These values are one order of magnitude lower than roughness values usually influencing the
contact angle [102, 103]. Also the surface profile analysis was performed by Surfometer
SF200 in order to see topography (larger scale roughness). This study also showed that the
films are rather flat. The AFM and surfometer studies confirmed that the observed slight

increase of roughness could not by itself account for an decrease of contact angle.
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Fig. 3-12 Static contact angle versus surface concentration of Ti and topography of selected samples

3.1.3.5 SPM

The SPM analysis was started by measuring the topography of the Ti/hydrocarbon films with
3 and 20 at.% of Ti in the Dynamic Force Mode (DFM). Both films show identical surface
features regardless the film composition (Fig. 3-13). The RMS roughness of the films is about
1.5 nm as measured on the 1x1 pm images. For comparison, the image of silicon substrate is

also shown on the same figure. The roughness of silicon is 0.2-0.4 nm.
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Fig. 3-13 Topography of the Ti/hydrocarbon films deposited on silicon substrate: a,b) 3% Ti; ¢,d) 20% Ti; e,f) Si

The same films were analyzed in the Kelvin Force Mode (KFM). The scans were conducted

over the boundary between the film and silicon substrate. Although the potential imaging in
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the KFM mode is less sensitive to topographical features, the films with close thickness were
chosen to avoid any inconsistency. The tip was scanned over 30 and 40 nm thick films
containing 20 and 3 % of Ti, respectively. The topography and potential images (Fig. 3-14 a-
d) were taken simultaneously with the same tip and settings used for both samples. The left
part of the images corresponds to the Ti/hydrocarbon film and the right part corresponds to
silicon substrate which served as a reference. The topography pictures appear identical for
both of the films (Fig. 3-14a, b). However, a significant difference between them can be
observed in the potential images. The surface potential of the Ti-rich film is more positive
with respect to silicon (Fig. 3-14c), whereas in the case of the film with low concentration of
Ti it becomes more negative (Fig. 3-14d). Obviously, the increase of titanium concentration
does not influence the surface roughness but has a significant impact on the surface potential

of the composite films.
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Fig. 3-14 The topography (a, b), potential (c, d) and elasticity (e, f) images of the Ti/hydrocarbon films with 20%

of Ti (the left column) and 3% of Ti (the right column)

These findings are consistent with electrokinetic potential measurements. Isoelectric points

(IEP) of silica and titania depend on material characteristics such as crystallographic phase
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and chemical composition. However, spread in their values published in literature is narrow
and IEPs are generally found at about pH 2 and 6 for silica and titania, respectively [104]. This
means that under neutral solution the surface of silica will be charged more negatively than
titania. The Ti/hydrocarbon surfaces studied here are covered with water molecules at room
temperature and relative humidity of 40%. As it was mentioned above, titanium is present
predominantly in a form of substoichiometric oxides in these films, whereas the surface of
silicon substrate is covered by a layer of native silicon oxide. Oxides exposed to an ambient
atmosphere are generally assumed to be rich with surface hydroxyl groups which are
protonated or deprotonated depending on pH and IEP of the material. Since the [EP of silica is
very low, the predominant surface species are deprotonated silanols SiO™ and the surface is
charged negatively under neutral conditions. On the other hand, the IEP of titanium oxide is
close to neutral pH so that TiO” and TiOH," species are present in approximately equal amount.
Hence, the net surface charge of Ti-rich film is close to neutral and it is more positive with
respect to silicon substrate.

With decreasing Ti content the surface charge shifts to negative values and for the film with
3% Ti it is more negative than the net charge of the silicon substrate. The negative charge of
hydrocarbon plasma polymers is a known phenomenon [105] attributed to the presence of
oxygen-containing groups, mainly carbonyls and carboxyls. These groups are readily formed
as a result of post-deposition oxidation reaction of carbon radicals with oxygen and water
molecules [106].

The Visco-Elastic Atomic Force (VE-AFM) images were acquired on the same films
immediately after the KFM. The measurements on the films with less than 10 nm thickness
showed a bad contrast and are not shown. The cantilever modulation amplitude of 5 nm was
not sufficiently small relative to the film thickness to avoid the influence of the substrate.
However, the thicker samples reported here produced stable and reproducible contrast (Fig.
3-14e, ). The amplitude of the tip in contact with both composites is lower (darker area) than
on underlying silicon substrate meaning they are softer. Furthermore, the elasticity scan of the
3% Ti/hydrocarbon film shows higher contrast with respect to silicon than that of the 20%
Ti/hydrocarbon film, i.e. the absolute difference of tip amplitudes between the film and the Si
substrate decreases from 140 to 90 mV with increasing Ti content. Thus, as expected the films
with higher Ti content are harder.

The adhesion force of the Ti/hydrocarbon films against silicon was measured as a pull-off
force of Si tip on the retracting force-distance curve. To avoid an inconsistency between the

measurements with different cantilevers the adhesion force was normalized by the tip radius.
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For comparison, the force-distance curves were measured against clean silicon substrate as
well. The adhesion force measured in air increases with Ti content from 40mN/m for the 0 and
3% Ti/hydrocarbon film to 120 mN/m for the 20% Ti/hydrocarbon film (Fig. 3-15). The
combination Sisp/Sisubstrate provides the highest adhesion force of 630 mN/m. The water contact
angle on clean Si was less than 10°. It increased to 25° for the 20% Ti/hydrocarbon film and
reached 80° for the plasma polymer without titanium. Hydrophilic surfaces at humidity >30%
contain a microscopic layer of water molecules adsorbed on the surface of nanocomposite
Ti/hydrocarbon plasma polymer films. Presence of capillary forces is responsible for enhanced
adhesion between the 20% Ti/hydrocarbon film and silicon. The measurements performed
under 110 Pa vacuum allow avoiding the influence of the capillary forces. In this case, the
hydrophobic samples deficient with Ti exhibit identical adhesion against silicon, whereas
hydrophilic surfaces show the adhesion force significantly lower than that measured in air.

Nevertheless, the trend of increasing the adhesion with Ti content can be observed.
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Fig. 3-15 The adhesion force of the Ti/hydrocarbon films against Si
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3.1.4 Target analysis

As it is shown on Fig. 3-16, self-bias voltage is rapidly decreasing during first 2 minutes after
discharge ignition in the Ar atmosphere. Obviously, the cause for this decay is the sputter-

cleaning of the target surface.
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Fig. 3-16 Time dependence of voltage in Ar atmosphere

To demonstrate this, two samples were prepared in Ar under identical conditions but with
different deposition time: A — 30 seconds and B) — 10 minutes. Chemical composition of these
films according to XPS analysis is following: titanium 20.5 and 24.0 at.%; carbon 27.0 and
18.0 at.%; oxygen 52.5 and 58.0 at.% for A and B regions, respectively. The high-resolution
spectra of C 1s and Ti 2p are shown in Fig. 3-17. The apparent difference between the samples
is in the ratio of TiC and metallic titanium. For the film deposited for 30 seconds when
cleaning of the target has not been yet completed, the TiC peak is clearly seen in the C 1s
spectrum (Fig. 3-17a). The intensity of the Ti 2p signal in TiC region is also higher (Fig.
3-17b). The formation of TiC phase in the films deposited with small admixtures of n-hexane
was discussed above. Here, the source of carbon is carbonaceous residues which inevitably
remain on the target surface despite the pre-deposition cleaning with ethanol and abrasive
paper. Vice versa, the film deposited for 10 minutes shows much smaller signal from TiC and
enhanced metallic titanium peak. The voltage by this time is already stabilized which indicates
that the etching of surface impurities is completed and sputtering proceeds with clean Ti

target.
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Fig. 3-17 XPS spectra of poisoned and clean target: a) C 1s, b) Ti 2p

As it was described in Section 1.2.4, when hexane is added to Ar when sputtering Ti target
plasma polymerization process takes place and a hydrocarbon plasma polymer deposits on
adjacent surfaces including surface of the target, i.e. poisoning of the target. The competition
between target sputter cleaning to its metallic state and its poisoning depends on hexane
concentration and it is reflected in self-bias behavior (Fig. 3-18). Apparently, with addition of
hexane the decay of self-bias slows down and even turns to increasing character. At high
hexane concentration, the poisoning of the target by carbonaceous layer is very intensive and

the self-bias voltage needs to be increased to sustain the discharge.
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Fig. 3-18 Self-bias voltage versus deposition time for different working gas mixtures
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The examples of Ti targets sputtered in Ar and in hexane/Ar mixtures are given in Fig. 3-19.
Black carbonaceous deposits are very well seen on the target sputtered with the presence of

hexane.

Fig. 3-19 Targets after deposition in Ar and Ar/hexane, respectively
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3.1.5 Biological response of nanocomposite Ti/hydrocarbon plasma polymer films

3.1.5.1 Interaction of the Ti/hydrocarbon films with biomolecules

The interaction of the Ti/hydrocarbon films with biomolecules was studied in terms of their
ability to adsorb fibrinogen. The samples were dipped into the 50 pg/ml fibrinogen solution in
phosphate buffer saline (PBS) for 1 minute so that only one half of the sample was immersed,
the other half being kept intact. After immersion, the samples were repeatedly rinsed with
Mill-Q water, and blown dry by N;. The SPM analysis was performed in air at humidity 35-
40% immediately after the protein immobilization. Fig. 3-21a,b show the topography of
fibrinogen layer adsorbed on the 3% Ti/hydrocarbon film. The left part of the pictures
corresponds to the fibrinogen coating, whereas the right part corresponds to the uncovered
composite film. The protein strands can be observed, however it is difficult to estimate from
topography pattern whether fibrinogen forms a continuous layer (Fig. 3-21a, b). At scan size
of 5 um and resolution of 256 data points the AFM sampling interval used here is 5000/256 =
20 nm. Fibrinogen molecule consists of three globules (two outward D domains and central E
domain Fig. 3-20) 5-6 nm in diameter interconnected by the coiled-coil regions which extend
for the length of 47 nm in unfolded state [107]. Additionally, two aC domains extend further
from the D-domains. At neutral pH aC domains fold back and strongly bind to the central E
domain. Hence, with assumption of an individual fibrinogen molecule as a rod with diameter 6
and length 47 nm they may not necessarily be seen at the mentioned scan size and resolution.
However, the 1 um scan with the sampling interval of 4 nm also showed only fibrinogen
aggregates of bigger size (data not shown). The average thickness of the fibrinogen layer is 6-

10 nm which is consistent with above reported diameter of fibrinogen domains.

D globural domain
E globural domain

Coiled coil regions

Aa protuberance
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Fig. 3-20 Schematic structure of the fibrinogen molecular
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Fig. 3-21 The topography a) top view and b) 3D of fibrinogen adsorbed on 3% Ti/hydrocarbon film

The Kelvin Force mode (KFM) analysis shows the higher potential of the fibrinogen layer in
comparison with the Ti/hydrocarbon film (Fig. 3-22).
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Fig. 3-22 The KMF of fibrinogen adsorbed on 3% Ti/hydrocarbon film

The potential difference was determined from the histogram analysis. Fig. 3-23 shows the
statistical distribution of the potential of all the points in the KFM images of different samples.
The +50 mV difference between the maxima on the histogram curves correspond to potential
difference between the fibrinogen layer and Ti/hydrocarbon film (Fig. 3-23a). Fibrinogen was
also adsorbed on clean Si substrate with potential difference being +30 mV (Fig. 3-23b). This
is very well consistent with the above mentioned +20 mV potential difference between Si and
the 3% Ti/hydrocarbon film (Fig. 3-23c¢).
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Fig. 3-23 The potential histograms: (a) fibrinogen on the 3% Ti/ppCH film; (b) fibrinogen on silicon and (c) the

3% Ti/CH film on silicon

The fibrinogen domains have different hydrophobic/hydrophilic properties and bear different
charges. However the net charge of fibrinogen molecule is negative at neutral pH because it’s
IEP is 5.5 [108]. The effective adsorption of negatively charged fibrinogen on negatively
charged surfaces regardless electrostatic repulsion has been reported in literature [108, 109]. In
fact, the zeta potential of fibrinogen layer became less negative and even reversed the sign to
positive values with increasing the protein concentration. It has been suggested that the driving

force for fibrinogen adsorption was not of an electrostatic nature but rather hydrophobic
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interaction and hydrogen bonding [108]. In such a model, fibrinogen forms the inner and outer
layers. The inner layer is rich with negative charges and predominantly consists of
hydrophobic species. The outer layer is rich with positive charges.

Later, the double layer concept was modified by Jung et al [110]. The authors considered the
charges on particular domains of fibrinogen molecule. The D and E domains have the highest
concentration of negative charge residues. The aC domains are rich with lysine and arginine
side groups with pK, 10.5 and 12.5, respectively. Hence, at neutral pH the aC domains are
charged positively. These oC domains make weak electrostatic contact with negatively
charged surface while the rest of the fibrinogen molecule resides on the aC intermediate layer
and is not in direct contact with surface. Thus, the positively charged a.C domains are screened
by the negatively charged E and D domains.

In our case of Ti/hydrocarbon film, the adsorption of fibrinogen proceeds with formation of
multiaggregates combining to the strands. In this process, the individual fibrinogen molecules
take the comformations which ensure the positive net charge of fibrinogen layer with respect
to both Ti/hydrocarbon and silicon. This comes in line with [108, 109] but contradicts the
model by Jung et al [110]. Obviously, when fibrinogen adsorbs on the Ti/hydrocarbon film the
positively charged aC domains stay exposed and the D and E domains which are more
hydrophobic [110] interact with the surface via hydrophobic interactions and hydrogen
bonding. An important note which should be addressed here is that amount of adsorbed
fibrinogen is not a crucial parameter influencing the surface biocompatibility. Rather, the
accessibility of peptide sequences responsible for interaction with platelet receptors must be
considered [111]. The preferential orientation of fibrinogen domains during the protein
adsorption may affect the accessibility of platelet binding moieties and thereby the fibrinogen
activity. Taking this into account, it is of importance to establish orientation and conformation
of adsorbing fibrinogen molecules.

[t is also worth noting that in contrast to distinct pattern of fibrinogen strands on topography
image almost none can be discerned on the KFM image. The fibrinogen strands and the
regions between them are at the same potential which is higher than that of the Ti/hydrocarbon
film. The most likely explanation is that the regions between the observable strands are also
covered with fibrinogen molecules, yet they are buried in the outermost layer of the composite
film. It has been shown recently that biomolecules can penetrate into the film of a plasma
polymer when in solution [112]. The degree of accessibility depends on the swelling

characteristics of the surface and is related in the case of plasma polymers with the extent of
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cross-linking. It is reasonable to assume here that the surface network of the Ti/hydrocarbon
film is sufficiently flexible in solution to embed fibrinogen molecules.

The cantilever amplitude image (Fig. 3-24a) shows a very strong contrast between the
fibrinogen layer and the Ti/hydrocarbon film. Fibrinogen area appears darker which means
that the cantilever responds the modulation less and supports the assumption that the protein

layer is much softer.
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Fig. 3-24 The SPM images of fibrinogen adsorbed on 3% Ti/ppCH film: a) VE-AFM amplitude b) VE-AFM

elasticity ¢) VE-AFM viscosity

The elasticity and viscosity components of the complex cantilever amplitude are shown on Fig.
3-24b, c. Both essentially match the corresponding topography and amplitude images, the
viscosity image being inverted. In Fig. 3-24b the area covered by the fibrinogen layer appears
darker and in Fig. 3-24c lighter than the Ti/hydrocarbon film. This means that fibrinogen is
less elastic and more viscous than the Ti/hydrocarbon film. Considering the values of the
complex amplitude with its real and imaginary parts it can be concluded that elastic response
of fibrinogen is significantly stronger than viscous response. Indeed, the difference between
the tip amplitude on the composite film and on the fibrinogen layer is 200 mV. The elasticity
image shows 270 mV shift of amplitude between fibrinogen and the Ti/hydrocarbon film
whereas the viscous component of the amplitude changes only by 90 mV, i.e. the energy
stored within the fibrinogen layer during the sample excitation is significantly higher than the
dissipated energy. In other words, fibrinogen is more elastic than viscous. Apparently, this is
valid only under the given experimental conditions. No direct information, however, on the
viscoelastic properties of fibrinogen under aqueous environment has been obtained yet. The
time of transferring the samples from the solution to the SPM chamber was minimized so that

the topography and KFM images were taken in first minutes after the contact of the sample
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with air. The VE-AFM images, however, were acquired in 15-20 minutes after the sample
exposure and the changes in viscoelastic properties following the spatial rearrangement of the
protein subunits or even partial denaturation cannot be completely ruled out.

The VE-AFM results support the assumption of the buried fibrinogen layer as it was suggested
by the KFM data. After the contact with fibrinogen solution the complete area including the
area between the proteins strands exhibits lower elasticity and higher viscosity. This might be
caused by the plasma polymer swelling effects without implementation of protein adsorption.
However, after the treatment with fibrinogen solution the entire sample with treated and intact
areas was thoroughly rinsed with water which obviously resulted in identical changes of
viscoelastic properties throughout the Ti/hydrocarbon film. Hence, the formation of interfacial
mixed layer of fibrinogen and plasma polymer appears to be the cause of such changes.

The adhesion between fibrinogen molecules and Ti/hydrocarbon films was studied by
measuring the force-distance curves with fibrinogen modified tips. For this purpose, the
cantilevers with silicon tip were successively cleaned with ethanol, water and UV-treatment.
After the cleaning procedure the cantilevers were immersed into the 1 pg/ml solution of
fibrinogen in PBS for 2 hours. In a separate QCM experiment analogous to [113], fibrinogen
at such concentration has been found to form a monolayer on silica surface in less than an
hour. After the incubation, the cantilevers were carefully rinsed with pure PBS and with Mill-
Q water. The force-distance measurements were conducted in air immediately thereafter.

Fig. 3-25 shows the approaching and retracting curves for the Ti/hydrocarbon films with 3 and
20% of titanium. The retracting curve is not upright but exhibits a long-range nonlinear
interaction between the tip and the surface. This is typical for the measurements with protein-
covered tips [114]. Such a complex interaction of proteins with the surface over a long range
is attributed to unfolding of the protein molecules and breaking of the multiple contact points
during the withdrawal of the tip. The absolute value of adhesion force measured here is
significantly higher than that usually measured under aqueous solutions. In humid air a water
bridge builds up between the cantilever and the hydrophilic surface and the capillary forces are
essentially responsible for the magnitude of the adhesion force. The larger adhesive jump in
the retracting trace is observed for the film with 20% of titanium. Hence, adhesion of

fibrinogen is stronger for Ti-rich surface.

{
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Fig. 3-25 The force-distance curves of fibrinogen modified tips against: a) the 3%Ti/hydrocarbon film b) the
20%Ti/CH film

3.1.5.2 Cell adhesion, growth and differentiation on Ti/hydrocarbon plasma polymer
films

Human osteoblast-like MG 63 cells adhered and grew in a similar manner on all tested
surfaces, i.e. on hexane-sputtered hydrocarbon plasma polymer films with less than 1 at.% of
Ti, argon-sputtered hydrocarbon plasma polymer films with 20 at.% of Ti or on uncoated
microscopic glass slides. They attached in similar initial cell numbers and by comparable cell-

material contact areas (Fig. 3-26). As revealed by growth curves, their growth dynamics from
day 1 to 7 after seeding was also similar (Fig. 3-26A).
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Fig. 3-26 Growth curves (A, C) and cell spreading area on day 1 after seeding (B, D) of human osteoblast-like
MG 63 cells (A, B) or bovine pulmonary artery endothelial cells of the line CPAE (C, D) grown on microscopic
glass slides coated with hexane-sputtered hydrocarbon plasma polymer films with 0.6 at.% of Ti (Ti_0.6at.%),
argon-sputtered hydrocarbon plasma polymer films with 20 at.% of Ti (Ti_20at.%) or on uncoated microscopic

glass slides (Glass).

Means + SEM from 6 to 10 samples for each experimental group and time interval. ANOVA, Student-Newman-

Keuls method; * and #: significantly different (p<0.05) compared to Ti_0.6at.% and glass, respectively.

On all surfaces, the cells were of similar polygonal morphology or star-like shape with
protrusions (Fig. 3-27). Cells on all tested surfaces displayed well developed strike-like focal
adhesion plaques containing talin and localized preferentially at the cell periphery or at the
ends of cell protrusions (Fig. 3-28). Osteocalcin, a marker of osteoblastic cell differentiation,
showed homogeneous and fine-granular distribution in MG 63 cells on all studied surfaces
(Fig. 3-29). The concentrations of talin and osteocalcin, measured by ELISA per mg of total

cellular protein, were also comparable in cells growing on films with both lower and higher Ti
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concentrations or on tissue culture polystyrene dishes, although the average values tended to
be the highest in cells on films with 20 at.% of Ti (Fig. 3-30 A, B). Similar results were
obtained earlier in bone marrow cells isolated from rat femur and tibia and cultured on

amorphous hydrogenated carbon with 0 to 13 at.% of Ti or microscopic glass coverslips [115].

Fig. 3-27 Morphology of living human osteoblast-like MG 63 cells (A-C) or bovine pulmonary artery endothelial
CPAE cells (D-F) on day 3 after seeding on microscopic glass slides coated with hexane-sputtered hydrocarbon
plasma polymer films with 0.6 at% of Ti (A, D), argon-sputtered hydrocarbon plasma polymer films with 20
at.% of Ti (B, E) or on uncoated microscopic glass slides (C, F). Microscope Olympus IX 50, digital camera DP

70, obj. 20x. Bar=100 um.
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Fig. 3-28 Immunofluorescence of talin, a protein of focal adhesion plaques, in human osteoblast-like MG 63 cells
(A-C) and bovine pulmonary artery endothelial cells of the line CPAE (D-F) on day 3 after seeding on micro-
scopic glass slides coated with hexane-sputtered hydrocarbon plasma polymer films with 0.6 at.% of Ti (A, D),
argon-sputtered hydrocarbon plasma polymer films with 20 at.% of Ti (B, E) or on uncoated microscopic glass

slides (C, F). Microscope Olympus IX 50, digital camera DP 70, obj. 100x. Bar=20 um.
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Fig. 3-29 Immunofluorescence of osteocalcin, a calcium-binding extracellular matiix protein and marker of
osteogenic cell differentiation, in human osteoblast-like MG 63 cells (A-C), and von Willebrand factor, a
hemocoagulation factor and a marker of vascular endothelial cell differentiation in bovine pulmonary artery
endothelial cells of the line CPAE (D-F) on day 3 after seeding on microscopic glass slides coated with hexane-
sputtered hydrocarbon plasma polymer films with 0.6 at.% of Ti (A, D), argon-sputtered hydrocarbon plasma
polymer films with 20 at.% of Ti (B, E) or on uncoated microscopic glass slides (C, F). Microscope Olympus IX

50, digital camera DP 70, obj. 100x. Bar=20 um.
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Fig. 3-30 Concentration of talin, a protein of focal adhesion plaques (A, C), osteocalcin, a calcium-binding
extracellular matrix protein and marker of osteogenic cell differentiation (B) and von Willebrand factor, a hemo-
coagulation factor and a marker of vascular endothelial cell differentiation (D) in human osteoblast-like MG 63
cells (A, B) or bovine pulmonary artery endothelial cells of the line CPAE (C, D) grown on tissue culture poly-
styrene dishes coated with hexane-sputtered hydrocarbon plasma polymer films with 0.6 at.% of Ti (Ti_0.6at.%),

argon-sputtered hydrocarbon plasma polymer films with 20 at.% of Ti (Ti_20at.%) or on pure tissue culture

polystyrene dishes (TCPS).

Measured by ELISA per mg of protein. Absorbance values are expressed in % of values obtained from cell

samples grown on Ti_0.6at.%. Means = SEM from 6 to 8 samples for each experimental group. ANOVA,

Student-Newman-Keuls method. *: significantly different (p<0.05) compared to Ti_0.6at.%.
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The morphology and lysosomal activity of these cells was similar and the activity of alkaline
phosphatase, another marker of osteoblastic cell differentiation, tended to be higher in cells on
the films with higher Ti concentrations. In contrast to our results, the number of bone marrow
cells was significantly increased on Ti-containing samples compared to cells on glass [115].
This disproportion could be explained by a higher sensitivity of primocultured or low-pasaged
bone marrow cells to different physical and chemical properties of the material surface in
comparison with the line MG 63 used in our study, which is tumor-derived, highly passaged
and well-adapted to long-term cultivation in vifro conditions. Similar higher sensitivity to
roughness, topography and other physical and chemical surface properties was observed in our
earlier study in rat vascular smooth muscle cells (VSMC) in low-passaged cultures on carbon
fibre-reinforced carbon composites (CFRC) coated by carbon-titanium layer. The increase in
cell adhesion and growth on Ti-containing surfaces was more pronounced in VSMC than in

MG 63 cells [116].

However, in the present study, a higher responsiveness to the physicochemical properties of
the material surface was found in the endothelial cells of the line CPAE, derived for the
bovine pulmonary artery. On day 1, 3 and 7 after seeding, these cells reached significantly
higher population densities on argon-sputtered films with 20 at.% of Ti compared to the values
on hexane-sputtered films with less than 1 at.% of Ti and microscopic glass slide, and adhered
by a significantly larger cell spreading area (Fig. 3-26C, D). The elongated or polygonal shape
of endothelial cells on day 3 after seeding was similar on all tested surfaces (Fig. 3-27C, D).
The concentration of talin was also similar, although the dot- and strike-like talin-containing
focal adhesion plaques were slightly brighter on films with 20 at.% of Ti (Fig. 3-28 and Fig.
3-30C, D). Von Willebrand factor, a marker of endothelial cell maturation, was localized in
well apparent dot-like Weibel-Palade bodies in cells on all studied surfaces (Fig. 3-29).
However, its concentration was significantly higher in cells on Ti-rich than on Ti-deficient

layers, and similar to the value found in cells grown on control TCPS surface (Fig. 3-30C, D).

The higher adhesion, growth and differentiation of CPAE cells on argon-sputtered layers
could be attributed to the increased content of Ti (20 at.%). Titanium is known as highly
biocompatible material promoting up-regulation of genes related to an increased metabolic
activity of cells, such as genes encoding various receptors or proteins participating in
exocytosis, vesicular transport and related to the cell membrane and actin cytoskeleton [117].

The argon-sputtered, Ti-rich films were also more wettable. Their static water drop contact

angle was less than 10°. On the contrary, it reaches 86° for the film deposited in pure hexane.
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A higher wettability of the Ar-sputtered film can be explained by an increased content of
oxygen (11 at.%) in a form of TiO, TiO, and oxygen-containing chemical functional groups,
such as C-O, C=0 and O-C=0. The increased oxygen content and wettability of the material
surface is usually associated with adsorption of cell adhesion-mediating molecules (mainly
vitronectin and fibronectin) from the serum of the culture media in a flexible form enabling
good accessibility of specific sites on these molecules by cell adhesion receptors, e.g. integrins
[118]. In our earlier experiments, the creation of oxygen-containing groups on polystyrene
irradiated by fluorine ions and its increased wettability were associated with increased
adhesion, growth and maturation of vascular smooth muscle and endothelial cells in cultures
on the polymer {96, 97].

Another factor highly contributing to the increased adhesion and other functions of cells on
solids is surface roughness. Nanostructured materials mimic the nanoarchitecture of the
natural tissues (e.g., nanoscale loops of the extracellular matrix molecules, nanoscale
organization of the cell membrane etc.), which further contributes to the adsorption of cell
adhesion-mediating molecules in a spatial conformation advantagous for their accessibility by
cell adhesion receptors. Nanophase titania added to poly-lactide-co-glycolide scaffolds
developed for bone tissue engineering markedly increased adhesion, growth, alkaline
phosphatase activity and calcium deposition in a human osteoblast cell line in comparison
with conventional titania grain of the size in micrometers [119]. Nanostructured titanium
dioxide ceramics promoted formation of vinculin-containing focal adhesion complexes in
cultured rat cardiomyocytes, and maintained the differentiated phenotype of these cells [120].
In our case, both Ti-deficient and Ti-rich films deposited on polished silicon, glass and
polystyrene dishes were of similar nanoroughness (1-6 nm RMS) as measured by the AFM on
the 1x]1 um images. No dependence of roughness on deposition conditions was detected.
Hence, it seems that the observed differences in the behavior of endothelial cells on the films
were governed primarily by surface chemistry. Similarly, fibroblasts, chondrocytes and
smooth muscle cells were influenced by the surface chemistry and energy rather than the fiber
dimensions [121]. Another line of human bone-forming cells (ATCC CRL-11372) in cultures
on supports made of carbon and polymeric fibers reacted primarily to the substrate
nanostructure. This different responsiveness of various cell types has been explained by
enhanced adsorption of vitronectin on nanostructured materials and its specific spatial
conformation, recognized preferentially by osteoblasts [121].

On day 7, the endothelial cells on all surfaces were able to develop a confluent layer of

cobblestone-like appearance, typical for maturing endothelial cells (Fig. 3-31). Thus, it can be
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concluded that our newly developed nanocomposite Ti/hydrocarbon plasma polymer films
from reactive magnetron sputtering in both hexane and argon are suitable growth supports for
bone-forming and vascular endothelial cells. These films could be used for increasing the
biocompatibility and bioactivity of bone implants in which good integration with the
surrounding bone tissue is desirable. For example, these coatings could be deposited on the
bone-anchoring stems of joint prostheses. In addition, these nanofilms, especially those with
higher, i.e. 20 at.% Ti concentration, might be applicable for supporting endothelialization of

artificial valves, stents or even inner surface of blood vessel prostheses. Coating artificial

blood-contacting devices with a confluent and mature endothelial cell layer is considered as

Fig. 3-31 Morphology of living bovine pulmonary artery endothelial cells of the line CPAE on day 7 after
seeding on a glass slide coated with a-C:H (A), a-C:H with 20 at.% of Ti (B) and pure glass slide (C). Micro-
scope Olympus IX 50, digital camera DP 70, obj. 4x. Bar=200 um.
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3.2 Polypropylene treatment by O, plasma

3.2.1 Motivation of polymer foil modification is plasma

In biomedical applications it is often needed to increase surface energy of a polymeric solid in
order to improve wettability of this surface. This is usually done in low pressure plasma
containing oxygen or air and it can also be done in atmospheric pressure discharge such as
corona.

In this study we decided to investigate modification processes on polypropylene surface when
subjected to DC discharge in oxygen and water vapor plasma. Also flowing afterglow plasma
experiments were explored.

In previous studies water vapor was added into argon DC discharge for the improvement of
wettability of hydrocarbon plasma polymer [124]. In another study PP foil surfaces were
subjected to the fluence of oxygen cluster ions and the modification effect was studied by XPS,
AFM and contact angle measurements [125].

Surface oxidation of polymers by means of high energy chemistry methods has been
developed several decades ago. Five gas-phase processes are mainly used for the purpose of
surface modification including flame, corona discharge under atmospheric pressure (more
correctly, dielectric barrier discharge), low-pressure plasma of DC or RF discharges in oxygen
or air, and comb ined ozone-UV irradiation [126]. All these processes result in different
polymer surface oxidation effects. In the case of low-pressure plasma, corona, and ozone - UV
irradiation, the formation of low molecular weight oxidized products was observed as a result
of polymer chain scissions [127, 128]. These products remain adsorbed on the surface but can
be easily removed by washing with water. Otherwise, the low molecular weight species may
further interact with the plasma through formation of gaseous products; this leads to so-called
polymer etching [129]. An ox idation mechanism has been proposed [ 128] as a result of
computational modeling of reaction kinetics in the corona and in the flame. It was proposed
that the process starts with hydrogen abstraction in the reactions RH+O—R'+'OH and
RH+ OH—R'+H;0. The subsequent development of the process depends on the proportion
between the oxidative species. In the case of predominating atomic oxygen, alkoxy radicals
are mainly formed in reactions between atomic oxygen and alkyl radicals. The alkoxy radicals
so formed are further decomposed through polymer chain scission, which results in the
formation of low molecular weight oxidized products. If molecular oxygen is predominant, the

prevalent species are peroxy radicals formed in the reaction R'+0,—ROO’. Subsequent
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reactions lead to the formation of various oxygen-containing functional groups without
substantial polymer chain scission. Strobel et al. [128] suggested that this mechanism was
plausible for flame treatment where the OH and O, were the main components. In other cases,
however, the important species was atomic oxygen. But it is known that spontaneous
dissociation of an alkoxy radical is endothermic and has rather high activation energy. For this
reason, it was proposed that oxidative thermal destruction of polyolefins occurs at
temperatures lower than 140°C via monomolecular synchronous destruction of peroxy radicals

rather than alkoxy ones (Scheme 3-1) [130].

0-0 0
~HpC~C=CHy~ == H,C~C~ + CHyCCHp~ + OH
CHs CHj

Scheme 3-1 Monomolecular destruction of peroxy radicals

Another hypothesis was proposed in a study by Dorofeev [131]. The main idea is that atomic
oxygen is not only the initiator of hydrogen abstraction but also its exothermic reaction with
oxygen-containing radicals including peroxy ones results in polymer chain scission and
etching. For example see Scheme 3-2, Scheme 3-3.
: g
~HZC—(|3—CH2~ + 0O — ~H,C-C- + CH;3CH,~
CH,

Scheme 3-2 Polymer chain scission under the action of atomic oxygen

0 0
~H,C-C-+ O —= ~CHp+ + CO,; ~H,C-COO- + O —= ~CH,* + CO, + O,

Scheme 3-3 Etching process with participation of atomic oxygen

Such reaction mechanisms, in which atomic oxygen simultaneously participates in both
formation and destruction reactions, can probably limit the extent of surface oxidation and the
depth of the oxidized layer in the case of the application of air corona [132], oxygen low
pressure plasma [133], and UV irradiation [134]. That supposition was experimentally
confirmed in the study by Shikova et al. [135], in which it was shown that the joint action of
the atomic oxygen, O, metastable (alAg) and ground (X3Eg) states in flowing afterglow of 02
discharge onto the polyethylene surface resulted in simultaneous surface oxidation and etching,

while the action of metastable (alAg) and ground (X3Zg) states resulted mainly in the oxidation.
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In the afterglow, the etching rates were lower than in plasma and no formation of end double
bonds as a result of chain scission was observed. Furthermore, an additional way to stimulate
the etching process in plasma can involve an UV irradiation. As shown in studies [136, 137],
the joint action of atomic oxygen and UV irradiation leads to a much greater increase in

etching rate than individual actions of either of them.

If, instead of molecular and atomic oxygen, the dominating species is OH then according to
the suggestion of study [128] it can be expected that the surface will be rich in hydroxyl
groups. The problem of obtaining monotype functional groups is also important [138].
Although water plasma studies are rather limited, it is known that besides water the main
neutral components of this plasma are H, and O, molecules and OH and H radicals [139].
Therefore, gas discharge in water vapor and in its flowing afterglow seems to be promising.
For this reason, the main goal of this work was to study the influence of different oxidative

environments with respect to the poly(propylene) (PP) modification.

3.2.2 Diagnostics of modification process

An overview of the water vapor spectrum is presented in Fig. 3-32a. The most intensive lines
were Hy(656 nm), Hp(434 nm) and OH(A?.—X*I1) bands whereas only weak lines of
OI(3p°P—3s°S, 845 nm) and OI(3p°P—3s’S, 777 nm) were observed. No bands of molecular
oxygen and hydrogen were detected. It seems that under these conditions any process of

dissociative excitation by electron impact is improbable because of the high threshold energy
H,0+ e—>OH(AZE)+H(S) e, e 9.2V
H,0+e—OH(X)+HGp’P)+e, e 17.1€V;
H,0+ e—Hy(X)+OBp°P)+e, ex 15.7¢V.

The stepwise processes of H,O+e—OH+H or Hy+O (g5 €V) type, with subsequent

reactions
OCP)te —»O3p™P)+e (e=10.7 eV),
H+e— HGp*P)+e (ex®12.1 V),
OH(X)+e—OH(AZ)te (4.1 eV)

are more probable in this case. The excitation energies of the OI(3p>°P) from the ground state

are lower than for the H(3p”P) and the electron impact cross-sections are of the same order of
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magnitude [140, 141]. Therefore, O(’P) concentration has to be substantially lower than that of
H(CS).

In the oxygen plasma (Fig. 3-32b), only the OI lines and a single band of 02(b12g+—->X32g', 0-0,
762 nm) were present in the range of 200-1000 nm. The 845, 777 nm lines were the most
intensive. Intensities of other lines of quintet (645.616, 926 nm) and triplet (700,725,822 nm)
transitions were markedly lower. Hence, atomic oxygen and O, singlet metastable molecules

are the main active species in this case.
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Fig. 3-32 Overview of a) water vapor, b) oxygen plasma discharge spectrum.
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3.2.3 Film analysis

3.2.3.1 XPS analysis

The XPS analysis was performed on pristine PP surface and on the samples treated in the
afterglow of the water vapor discharge. The spectrum of pristine PP is dominated by carbon
(99.5 at. %) with small traces of oxygen (0.5 at. %). After 5 minutes of the treatment in the
afterglow, the surface concentration of oxygen significantly increases to 7.0 at. % and the
carbon content correspondingly decreases to 93.0 at. %. Obviously, the afterglow treatment

favors the incorporation of oxygen into the PP surface. This is further supported by the
comparison of the high-resolution XP spectra (Fig. 3-33).
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Fig. 3-33 The XPS of a C1s core level of a) untreated PP and b) PP treated in afterglow of water vapor discharge
during 5 min
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The presence of a small amount of oxidized carbon in pristine PP is indicated by asymmetry at
the higher binding energy side which can be seen in the C 1s spectra (Fig. 3-33a). Such
asymmetry is attributed to a component with binding energy 1.3 eV higher than the primary
aliphatic component. The position of this component allows us to assign it to the C-O-C
binding environment. For the sample treated in the afterglow an enhanced oxidation is
manifested by both the increase of the signal from oxygen (Fig. 3-34) and the broadening of
the C 1s XPS signal (Fig. 3-33b). The total Full-Width-at-Half-Maximum (FWHM) of 1.2 eV
is higher than that of the pristine PP peak (1.0 eV) and additional components had to be added
to the deconvolution to obtain a reasonable fitting. These are located at 287.8 and 289.3 eV
and were assigned to carbonyl (C=0) and carboxyl (COO) based species. Hence, the XPS
results are consistent with the FTIR data showing an increase of highly oxidized carbon

species after the treatment in the afterglow of the water vapor discharge.
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Fig. 3-34 The XPS of an O1s core level of PP treated in afterglow of water vapor discharge for 5 min

3.2.3.2 ATR-FTIR analysis

It was rather surprising that regardless of the significant difference in the composition of
active species between H,O and O, plasmas the ATR-FTIR spectra of the PP samples were
very close both qualitatively and quantitatively. Fig. 3-35a-c present the differential spectra
obtained by subtraction of the virgin spectrum from the treated one. The action of both types

of plasma leads to the formation of the end double bonds of vinyl (910 cm™) or vinylidene
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(889 cm™) type (Fig. 3-35a). These bonds are always formed as a result of chain scission and
polymer degradation during the action of low pressure oxygen plasma [133], VUV [142] and
in auto-oxidation processes [143]. The absorbance value of these bands for both oxygen and
water vapor plasma was approximately the same. The action of both oxygen and water plasma
results in the formation of a broad set of C=0 groups with various overlapping bands located
in the wavenumber range from 1550 up to 1850 ecm™ ( Fig. 3-35b). These bands can be
attributed to esters, ketones, unsaturated ketones, aldehydes, oxyketones and carboxylic acids.
The spectra in Fig. 3-35¢ show an increase of the absorption bands of the OH-groups (3100-
3700 cm™). Absorption intensities are also increased in the region between 900 and 1400 cm™
where the bands of O-H deformation vibrations and C-O stretching vibrations are located (not

shown).

Unlike the plasma action, the treatment in flowing afterglow of water vapor discharge during
the same period of time leads to the formation of a more homogeneous composition of C=0
groups as can be seen from Fig. 3-35b. Moreover, for afterglow the absorbance of both OH
and C=0O groups is about one order of magnitude higher. However, the absorption bands

related to the end double bonds of vinyl or vinylidene were not observed (Fig. 3-35a).
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Fig. 3-35 Differential spectra of the PP samples in the range of: a) vinyl (910 ¢cm™) and vinylidene (889 cm™)

double bonds, b) various carbonyl groups, ¢) hydroxyl groups after 5 min of treatment.

1 — afterglow of water vapor plasma, 2 — oxygen plasma, 3 — water vapor plasma, 4 — after water vapor plasma
afterglow treatment and washing, 5 - after water vapor plasma treatment and washing,. A is the optical density.
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3.2.3.3 Surface analysis

The AFM data confirm the etching process (Fig. 3-36). After the action of afterglow active
species the polymer surface becomes smoother and homogeneous. Compared with the virgin
sample, both the mean height of roughness and root-mean-squared roughness (the value of

standard deviation of height) essentially decreased.

Fig. 3-36 Surface topology of: a) virgin PP sample, b) PP sample treated during 5 min in water vapor plasma
afterglow
Minimal height of roughness is Rminy=21 nm and 4 nm, maximal height of roughness is
Rmex=47 nm and 10 nm, mean roughness is Ry=34 nm and 7 nm, root-mean-squared

roughness (the value of standard deviation of height) is R;=3 nm and 0.7 nm respectively for

virgin PP and treated one.
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Fig. 3-37 Current changes of surface energy and its components under the treatment in water vapor plasma

flowing afterglow. 1 — total surface free energy, 2 — polar component, 3 — dispersion component.
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As shown in Fig. 3-37, the PP treatment also results in an increase of surface free energy, 7.
The main contribution of y increase comes from its polar component v,. It is necessary to point
out that the saturated value of y for both plasmas and afterglow treatment was approximately
the same. The y value leveled off over the time of ~100 s. In contrast, the leveling time of the
FTIR absorbance of oxygen-containing groups was substantially longer, as seen in Fig. 3-38.
Because the analysis depth for IR is about 1 pm we suppose that in the case of the afterglow
treatment the oxidation processes propagate deeper into the sample bulk compared with
plasma action due to a lower ratio between etching and oxidation rates. As a result, a longer
time is required to attain a stationary state for oxygen-containing groups. It is worth noting
that the samples have gained specific interference coloration after the treatment.
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Fig. 3-38 Optical densities of different: a) carbonyl groups and b) hydroxyl groups versus treatment time.

Densities were obtained by means of integration over the 1535-1861 cm™' range. 1 — afterglow, 2 — oxygen

plasma, 3 — water vapor plasma.
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3.2.4 Possible explanations

It is rather difficult to explain the above results in terms of the process mechanism because the
exact composition of the active species reaching the sample is unknown. Nevertheless, some
estimation is possible. We can at least assert that the action of VUV radiation and charged
particles in the afterglow is excluded. The end double bonds of vinyl and vinylidene type are
probably formed during the plasma treatment due to the action of the plasma agents mentioned
above. According to the study [144], the water dissociation degree is about 40% under our
experimental conditions. Assuming that the water molecules dissociate in accordance with
their stoichiometry, at a temperature of 343 K and a pressure of 100 Pa the concentration of
H,O, O, and H,; will be 1.3 x 1016, 2.8 x 10" and 5.6 x 10" cm'3, respectively. The
concentration of the O, OH and H radicals is expected to be at least less than O, and H,. The
characteristic time of particle transportation from plasma to the sample over the afterglow

zone is 7, = L/V =6/50=0.12 s, where L is the distance between plasma and the sample
(please see Fig. 2-2). The typical value for the diffusion coefficients of gases D is about 400
cm?/s [145]. The characteristic diffusion time is t, ~ I’ / D =0.09 s. Therefore, the transport

process is accomplished by means of diffusion and convection. On comparing the
characteristic time of reaction with the times mentioned above it is possible to estimate the
reduction of the concentration of various active species during their transportation over the

afterglow zone. The characteristic time of heterogeneous destruction can be estimated as
7, =2R/(3V,), where R=1.5 cm is the discharge tube radius, V, = V8KT / 7m the average
thermal velocity and y the probability of heterogeneous destruction (the typical value of
which for the afterglow is ~10™*-107). Taking the y value of 10*, we obtained 7,= 0.44 s.
Therefore, 7, /7,~20% of the initial particle concentration will be lost heterogeneously. The

reactions between O, OH, H, H,, and O, particles were well studied in a so-called combustion
process [146]. Under low pressure, three-body reactions are not effective. Among two-body

reactions, the most important are the following:

O+H,—OH+H (5x 1077 em¥/s) (1) O+OH—0,+H (2.8x 10 em’/s)  (2)
0,#H—OH+0 (2.1x 10" em’/s)  (3) H+H,0—OH+H, (2.9x 102 cm®/s) (4)
OH+H,—H,0+H (1.5% 10" em’/s) (5) OH-+OH—H,0+0 (1.7x 10 cm?/s) (6)

where the values in the brackets correspond to the reaction rate constant calculated at 343 K

for the data from study [146].
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The loss of O, H radicals in reactions (1), (3) and (4) is negligible because the appropriate

lifetime of these particles is more than one order of magnitude longer than 7, and 7,. The

lifetime of OH in reaction (5) is 0.12 s and is comparable withz, . Unfortunately, the exact

concentration of OH radicals is unknown. Supposing that the OH lifetime in reaction (6) is the
same as in reaction (5) we obtain an OH concentration of 5x 102 cm™. This value is quite
reasonable. In this case, reaction (2) is the main process of decay of the O atoms which gives
the O atoms a lifetime of ~7x 10™ s. Taking into consideration that O atom concentration in
plasma is much less than OH, we can conclude that reaction (6) is the main process of O atom
formation in the afterglow and these atoms are transformed quickly by reaction (2) forming O,
and H. This analysis shows that the OH concentration must drop substantially, at least no less
than two times, during the transport through the afterglow zone. The main active products of
OH transformation are H radicals and O, molecules. The change in the concentration of H
radicals has to be the least. Under a deficit of atomic oxygen and hydroxyl radicals it is quite
possible that H radicals can be the main initiating agents instead of OH and O. The H radicals
can react with PP (Scheme 3-4), with successive reactions of an alkoxy radicals formation

(Scheme 3-5).

H y
~H2C—CI;_CH2"' + H — ~H2C—(?—CH2~ P H2
CHs CHs

Scheme 3-4 Alkyl radical formation under the action of atomic hydrogen

. S HOD 1, i i
~H,C=C=CHy~ + 0y — ~H;C-C~CHy~ —> ~C—C —¢~ = Q] G
CH, CH, CH;  CHjg CH; CH,

Scheme 3-5 Formation reactions of alkoxy radical and OH groups

The decomposition of alkoxy radicals results in polymer chain scission, formation of C=0 and
OH groups, end radicals, and low molecular weight oxidized products (Scheme 3-6, Scheme

3-7).
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0 o 0 2 .
~H2C—9—CH2~_"~H20—C_CH3 + CH2“’_'>~H20_CI:_CH2~_>~H2C—C_CH2~ + CH3
CHj CHj

Scheme 3-6 Formation reaction of ketone groups and end radicals

o) OH HO . OH

P Hy H ] 7 ;

C~=C —C~ + ~HpC-C-CH;~ —> C~=C —C~ + ~H,C-C-CHp~
HsC CH3 CH, HoC™ CHs CH,

Scheme 3-7 Formation reactions of OH groups

The reactions of end radicals can result in the formation of the water-soluble low molecular

weight species, the chain shorting, and etching (Scheme 3-8, Scheme 3-9).

. H . H .
0y + HC~C~CHy~ —= OOH,C~C~CHy~ —=HOOH,C-C~CHy~ —>

CHj CH, CH,
OH OH

:OHC~C—CHp~ —= CH,0 + *C~CHyp~
CHs CHj

Scheme 3-8 Reactions of end radicals resulting in the formation of water-soluble oxidized species, the chain

shorting and etching

o= M M wm OH mQH P
.(I:—CH2~ + 02 —».OO?—CH2~ B HOOCI;_CH2~ ——».OC':—CH2~ ——»O:c': + .CH2~
CHS CH3 CH3 CH3 CH3

Scheme 3-9 Reactions of end radicals resulting in the formation of water-soluble oxidized species, the chain

shorting and etching

According to that reaction scheme the ketone -C=0O groups are dominant among other
carbonyl ones. The reaction scheme proposed is similar to reactions of oxidative thermal
destruction except of initiation step [130]. Under the plasma action the additional ways of

reactions initiation appear ().
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H .
~HoC~C~CHy~ + O —= ~H,C~C~CHy~ + OH
CHs CHa

Scheme 3-10 Initiation reaction with participation of hydroxyl radical

H .
~H2C—C|3—CH2~ + QH =% ~H2C—(F—CH2~ + H,O
CH3 CH3

Scheme 3-11 Initiation reaction with participation of hydroxyl radical

The reactions of alkyl radicals with O atoms can result in the formation of the carboxyl
radicals and polymer chain scission (Scheme 3-12) followed by carboxyl radicals formation,
polymer etching, and forming more wide set of carbonyl groups than in the case of afterglow

action (Scheme 3-13 .. Scheme 3-16).

~H,C-C—CHy~ + O —— ~HoC—C + HaC—CH,~
CHj O

Scheme 3-12 Reactions of the carboxyl radicals formation and chain scission

] 7
~H,C—-C + 0, —> ~H,C-COO0-

Scheme 3-13 Reactions of the carboxyl radicals formation

0 0
~H,C~C + O —= -CHy~ + CO, ; ~H,C~CO0- + O —= -CHyp~ + CO, + O,

Scheme 3-14 Etching process

2 ?
~H,C~C + M —= ~H,C~CH + M-

Scheme 3-15 Reactions of aldehyde groups formation
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0 0 0 0
]
~H,C~COO- + M = ~H,C-COOH + M- ; ~HyC~CH + ~H,C~COOH — 2~CH,COOH

Scheme 3-16 Reactions of carboxyl groups formation

Undoubtedly, the reactions with participation of the O and OH radicals take place in afterglow
as well. But their role is essentially less due to the difference in appropriate concentrations.
Under treatment in plasma the higher etching rates restrict the concentrations of oxygen-
containing species, the depth of modified layer, and leads to faster process kinetics. A
different ratio between formation rates of carboxyl radicals and alkoxy ones results in other
composition of the modified layer. Also, in plasma an additional way of the ketone groups
destruction leading to a formation of carboxyl radicals can be the well-known Norrish reaction
(Scheme 3-17) which promote a transformation of ketone carbonyl groups to other carbonyl
groups according to the reaction scheme mentioned above. Of course, the weak spot in our
discussion is that we do not take into consideration the possible reactions that occur after
sample extraction from the reactors. Most probably a part of alkyl radicals will react with the
atmospheric oxygen-forming hydroperoxide radicals followed by a hydroperoxides formation.
The latter are stable at room temperature. For this reason, the measured concentration of the
OH groups has to be little higher than the real concentration.

0 hv 9

~H20_&_CH3 —_— ~H2C_C' + ‘CH3

Scheme 3-17 Norrish reaction
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Conclusions

e Nanocomposite Ti/hydrocarbon plasma polymer films as potential coating of various
materials, including those used in medicine and biology, were deposited using DC
magnetron sputtering of titanium target in argon and hexane working gas mixture.

e [t has been shown that at magnetron current 0.2 A very small admixtures of hexane (Ar
flow rate was 19 sccm, hexane flow rate 0.1 — 6 sccm) were sufficient to prepare
nanocomposite Ti/hydrocarbon plasma polymer films.

o RBS/ERDA show 58 at.% of hydrogen content in the films rich with titanium.

e The films are shown to become more hydrophilic with decreasing of hexane flow rate.

e AFM measurement shows that the roughness of Ti/hydrocarbon plasma polymer films
varies from 1.0 to 3.3 nm with increasing of Ti concentration on the surface.

e With increasing Ti content, the films become conductive, harder and show stronger
adhesion to silicon as measured by Kelvin Force Microscopy and Visco-Elastic
Atomic Force Microscopy, respectively.

¢ Biological response of the nanocomposite Ti/hydrocarbon plasma polymer films was
studied in terms of adsorption of proteins and adhesion of cells. Fibrinogen adsorbs on
the Ti/hydrocarbon plasma polymer films as a very soft layer with fibrinogen
molecules adhering stronger to the Ti-rich films.

e Both Ti-rich and Ti-deficient films supported well the adhesion, growth and
differentiation of human osteoblast-like MG 63 cells as well as bovine pulmonary
artery endothelial cells of the line CPAE. In MG 63 cells, this supportive effect was
similar to that on standard cell culture substrates represented by glass or polystyrene
dishes, whereas in CPAE cells, the adhesion, growth and maturation were significantly
enhanced on Ti-rich than on Ti-deficient films and standard cell culture substrates.

e Polypropylene foil modification was performed and showed that the flowing afterglow
of water vapor discharge is quite promising for surface oxidation of PP films. Such
treatment provided more homogeneous chemical composition of the modified layer as
well as greater layer depth in comparison with water vapor and oxygen plasmas. The
modification results were more stable in subsequent water washing.

e Possible explanation was proposed is terms of H radicals reacting with PP surface
coating is successive reacting RO, and ROH that is dominant specie. High diffusion
coefficient of atomic hydrogen is likely responsible for greater depth of the modified

layer.
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The treatment of PP films led to the increase of surface-free energy and the polymer
surface became smoother and homogeneous. In order to understand the process
mechanism, further study of the composition of active species is necessary. Also, the
study of polymer modification in plasma and its afterglow of O,-H, mixture would be

very useful.
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