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SUMMARY

The work presented in this thesis has the main aim to contribute in the field of biological surface science, by
developing tailored surfaces with reactive side chains in order to attach desired biomolecules to the surface by
a covalent link.

Plasma polymerization of surface active coatings is an attractive method to obtain reactive side chains, by
making nanometer thick films of tailored functional group densities. By controlling the experimental
conditions, the structure of the polymer deposit can be largely controlled and the chemical structures
obtained can range from highly functional polymer networks of low cross link density to polymer networks of

low functional group but high cross link densities.

The research described in this thesis deals with the surface modification of various substrates by plasma
polymerization. The major part of the work is directed towards the funtionalization with pentafluorophenyl
ester groups on the surface, through the grafting polymerization and pulsed plasma polymerization of
pentafluophenyl methacrylate. This kind of labile group is of high interest for its easy reactivity to amino
terminated molecules, such as peptides. Other commercial monomers were also used at the beginning of the
study, as a first approach to the plasma techniques. The characterization of these surfaces is done through
several analytical techniques as FTIR, XPS, AFM or ToF-SIMS among others.

Furthermore, a study for tailoring the PFM polymer for better structure retention and deep study of its
reactivity in front of different amino terminated molecules of interest was performed, adding SPR or the
implementation of microcantilever sensors to the characterization techniques to achieve a better
understanding of the chemistry and kinetic of the reaction, in order to achieve the best peptide binding for
reliable well characterized bioactive interface..

On the aim of achieving useful functionalized surfaces, a patterning of the surfaces with the use of masks for
selective coating of the samples has been performed to control the modified areas. This has been done for
application of this film to real devices, as well as to test of its biocompatibility by cell culture and in vivo

assays.






RESUM

El treball que es presenta en aquesta tesi pretén contribuir al camp de la ciéncia de superficies biologiques,
amb el desenvolupament de superficies adaptades amb cadenes lateral reactives per tal de unir covalentment
biomolecul-les d’interes a la superficie.

La polimeritzacié assistida per plasma del recobriments actius és un metode atractiu per tal d’obtenir cadenes
laterals reactives, mitjancant pel-licules nanometriques amb densitats de grups funcionals adaptats. Sota
control de les condicions experimentals, I'estructura del diposit polimeric es pot control i les estructures
guimiques obtingudes poden variar des de xarxes polimériques altament funcionalitzades amb baixa

reticulacié fins a xarxes altament reticulades amb baix contingut funcional.

La recerca descrita en aquesta tesi tracta de la modificacié de superficie de diversos substrats per
polimeritzacié de plasma. La part essencial del treball es dirigeix cap al funcionalitzacié amb grups éster de
pentafluorofenil a la superficie, durant la polimeritzacié per grafting i polimeritzacié de plasma pulsat de
pentafluofenil metacrilat. Aquesta classe de grup labil és de gran interés per a la seva facil reactivitat amb
molecules amb mines terminals, com peéptids. Altres monomers comercials també s’han emprat al
comencament de I'estudi, com a primera aproximacié a les tecniques de plasma. La caracteritzacio d'aquestes

superficies s’ha fet a través de tecniques analitiques com FTIR, XPS, AFM o ToF - SIMS entre d’altres.

A més, s’ha dut a terme un estudi per fer a mida el polimer de PFM per a millorar la retencid de la seva
estructura, i aixi com un estudi profund de la seva reactivitat davant de molécules amb amines terminals
diferents d'interes, afegint SPR o l'aplicacié de sensors microcantiliver a les técniques de caracteritzacié per

aconseguir una millor comprensié de la quimica i cinética de la reaccié.

Sobre el proposit d'aconseguir superficies funcionalitzades utils, s’ha realitzat un patterning de les superficies
amb I'Us de mascares per a capa selectiva de les mostres per controlar les arees modificades. Aixo s'ha fet per
a l'aplicacié d'aquesta pel-licula a dispositius reals, aixi com a prova de la seva biocompatibilitat per cultiu

cel-lular i per assaigs in vivo.






RESUMEN

El trabajo que se presenta en esta tesis pretende contribuir al campo de la ciencia de superficies biolégicas,
con el desarrollo de superficies adaptadas con cadenas lateral reactivas con el fin de unir covalentemente
biomoléculas de interés a la superficie.

La polimerizacion asistida por plasma de recubrimientos activos es un método atractivo con el fin de obtener
cadenas laterales reactivas, mediante peliculas nanométricas con densidades de grupos funcionales
adaptados. Bajo control de las condiciones experimentales, la estructura del depdsito polimérico se puede
control y las estructuras quimicas obtenidas pueden variar desde redes poliméricas altamente

funcionalitzadas con baja reticulacidn hasta redes altamente reticuladas con bajo contenido funcional.

La investigacion descrita en esta tesis trata de la modificacion de superficie de diversos sustratos por
polimerizacion de plasma. La parte esencial del trabajo se dirige hacia el funcionalizacidn con grupos éster de
pentafluorofenilo en la superficie, durante la polimerizacién por grafting y polimerizacidon de plasma pulsado
de pentafluofenilmetacrilato. Esta clase de grupo labil es de gran interés para su facil reactividad con
moléculas con minas terminales, como péptidos. Otros mondmeros comerciales también se han servido al
principio del estudio, como primera aproximacion a las técnicas de plasma. La caracterizacién de estas
superficies se ha hecho a través de técnicas analiticas como FTIR, XPS, AFM o ToF - SIMS entre otros.

Ademas, se ha llevado a cabo un estudio para hacer a medida el polimero de PFM para mejorar la retencién
de su estructura, y asi como un estudio profundo de su reactividad delante de moléculas con aminas
terminales diferentes de interés, afiadiendo SPR o la aplicacion de sensores microcantiliver a las técnicas de
caracterizacién para conseguir una mejor comprension de la quimica y cinética de la reaccion.
Sobre el propdsito de conseguir superficies funcionalizadas utiles, se ha realizado un patterning de las
superficies con el uso de mascaras para capa selectiva de las muestras para controlar las areas modificadas.
Eso se ha hecho para la aplicacion de esta pelicula en dispositivos reales, asi como a prueba de su

biocompatibillidad por cultivo celular y para ensayos in vivo.
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INTRODUCTION

BIOLOGICAL SURFACE SCIENCE

a. BACKGROUND

Medical problems have developed into a new dimension with the advance of life expectancy. Longevity in
developed countries implies improvement in the quality of life for many persons. Because the population is
aging (the number of retired persons in Europe is expected to grow by 50% until the year 2025, having 30% of
citizens over 60 years old), biomaterials are getting special attention, as they could help to reduce not only the

patients’ pain, but also the high charges of costs for the European health system."

Approximately 50 years ago the first synthetic materials were successfully employed in saving and
prolongating human life. These first materials were chosen for their biological “inertness”. This field has
started slowly its development into designing bioactive materials that could control the reaction in the
physiological environment. At the beginning of the 1980s the concept of biomaterial was defined as “any
substance, other than a drug, synthetic or natural origin, which can be used for any period of time, as a whole
or as part of a system which treats, augments or replaces any tissue, organ or function of the body”.

Modern biomaterial science is characterized by a growing emphasis on the identification of specific design
parameters that are critical to the performance of the material in the new environment to which it will be

exposed. The design of these materials is being integrated with new advances emerging from studies of cell-

matrix interactions or cellular signaling processes, among others.?

Biomaterials must possess bulk properties that permit its function in the bio-environment, but also the best
surface properties. It is difficult to design materials that fulfill both needs, hence a common approach is to

fabricate with adequate bulk properties followed by a special treatment to enhance the surface properties.*

Of special interest in biomaterials is the interface between the synthetic material and the biological
environment, since most of the biological reactions occur at this level.” The broad interdisciplinary area where
properties and processes at this interface are investigated and biofunctional surfaces are fabricated is called
Biological Surface Science.® Examples of interest in this area are medical implants in the human body, tissue

engineering, biosensors and biochips for diagnosis, artificial photosynthesis or biomimetic materials.
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Medical implant technology ® has been reality since many years increasing the quality of life for many
patients. Among these implants, one can find dental implants, artificial hip and knee joints, artificial blood
vessels and heart valves, as an example.

Tissue engineering®® presents a strategy for producing a real functioning tissue from a cell culture “seed”, by
making it grow ex vivo in a suitable environment. Its paradigm is to isolate specific cells through a small biopsy
from a patient, to grow them on a 3D biomimetic scaffold under precisely controlled culture conditions, to
deliver the construct to the desired site in the patient’s body, and direct the next tissue formation into the
scaffold that can degradate over time.™

13,14

For biosensors', there exist already commercial products in the market, like the DNA-chips. This area is

developing extremely rapid. The perspective for the future is unprecedented precision and speed in clinical

diagnostics, as in environmental control and food production.**°

1719 and artificial photosynthesis®® are fields starting to develop that want to profit from nature

Bioelectronics
evolved systems to get information storage and processing, in the first case, or clean energy in the second.

Biomimetic materials** mimic the functional properties of biological materials/components in order to achieve
new and better materials. Examples of these properties are low friction from the sharkskin or self-cleaning

character like the lotus leaf.

The combination of the advances in surface science instrumentation, materials science, and molecular biology
allows for the development of a biological model for surface science.?” The ultimate goal of this model is to
understand how the surface properties of a material control the biological reactivity of a cell interacting with
the surface.’

There is a need to reexamine many of the current approaches to control biological interactions at surfaces.
Instead of preparing a surface, absorbing proteins onto such surfaces and examining the consequence, the
new paradigm is to try to mimic what nature does all the time —i.e., design surfaces that will extract precisely

the biological reactions we want and no more. >

2425 anhanced

Approaches to improve biointerfaces include the reduction of unspecific protein adsorption
adsorption of specific proteins *® or material modification by immobilization of cell recognition motives to
obtain controlled interaction between cells and synthetic substrates.”” Usually the most important parameter
in this area is biomolecular recognition. Biological systems can recognize specially designed features on the

molecular scale. This must be taken into account when attempting to design a surface for biological function.”

The biomolecular recognition of materials by cells has been achieved by surface modification with bioactive
molecules such as long chain extracellular matrix (ECM) proteins as well as short peptides that have specific

interactions with cell receptors.’® These molecules link with adhesion molecules in the cytoskeleton (the cell

2]
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receptors) that actively communicate with a variety of signal transduction cascades, which are being clarified
in several contexts.**°
Although the fundamental interaction occurs on the molecular scale, there is an interesting and unique

73132 \When cells arrive

connection between the nanometer and the micrometer scales when cells are present.
at the surface, what they “see” is a protein-covered surface, as ECM proteins adsorb non-specifically to
materials exposed to biological environment. Therefore, when we talk about cell-surface interactions, it is in
fact an interaction between cells and surface bound biomolecules.”® Figure a.1 presents the surface processes

of leaving tissue that happen when interacting with a biomaterial.

Surface
Y
t".k material *, "
Biomolecule
\ adsorption

—— & Tissue reaction

Integration

P g
_Bulk material ” -

Figure a.1 Surface processes of leaving tissue by interacting with a biomaterial **

The influence of surface chemistry and topography for cells growth and function has been presented by many
groups***!, but it still isn’t understood. This chemistry can potentially influence not only their adhesion, but
also their differentiation, turning tailored surfaces into a potential way to act as stimuli for guided cell
differentiation.”” One major direction is the chemical and topographic modification of surfaces to enhance

their biocompatibility to promote cell-surface responses.™

Almost all material types can be used for these purposes, metals, ceramics, carbon materials, polymers and
composite materials, modifying the material’s surface to interact selectively with a specific cell type through
biomolecular recognition events.”>* It is predicted that advanced materials and applications will require the
built up of overlayers, with specific patterns to obtained the desired functions. Native surfaces are
unsophisticated in comparison with the biological architectures they try to interact with , what causes a mild
response of the biological system”. The cell surface has a variety of receptors that bind with other cells or

22,29

specific proteins. Therefore, molecular architecture of the surfaces should generate recognition on the

E
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biological side. These microarchitectures are necessary for application and understanding of biointerfacial
processes. ™
With the combination of the new patterning techniques and novel synthetic strategies, it is possible to

prepare complex, organic surfaces with well-defined structures and chemistry***®

that can induce guided cell
adhesion and growth. The knowledge achieved in biological studies has been incorporated into the design of
these surfaces, like the RGD (arginine — glycine - aspartic acid) -containing peptides that are used to improve

27,47,48,49

the cell adhesion. Using methods like selfassembly (SAMs), surface modification, photochemical

immobilization or polymer chemistry, complex surfaces with immobilized peptides and proteins can be
prepared. 28,42,50-53
Nature tends to organize complex molecules at surfaces, that permit biomolecular signals to be delivered with
great precision. Trying to get this degree of molecular organization is an example of biomimetic strategy.
Biomolecules used in precision immobilization strategies include proteins, lipids, polypeptides,

%35 range from relatively low to extremely

polynucleotides and polysaccharides.” Immobilization techniques
high specificity. The characteristics of successful precision engineered biorecognition surfaces include the
presence of one ligand site and the receptor-ligand affinity>®, an appropriate surface density of those sites, or
spatial distribution of the ligands®’, among others. The use of short peptides for surface biorecognition has
proved to be advantageous over the use of the long chain native ECM proteins, since the latter tend to be

randomly folded upon adsorption, being the receptor binding domains not always sterically available.?”®

Surface tailoring has been presented as the key to achieve better biomolecular recognition. Between all the
techniques exposed, surface modification allows the mechanical properties and functionality of a device to

remain unaffected while the biological environment - material interface can be improved.”®

Among other surface modification techniques, plasma-based treatments can change the surface and
material’s characteristics for normally inert materials, being attractive due to their versatility and flexibility, as
in the ecological and economical aspects.”® The past 15 years have witnessed a revolution in plasma surface
modification for biomaterial applications.* Among other examples, plasma techniques have been applied for
plasma sterilization, modification of intraocular lenses, coatings of dental and bone implants, the modification
of separation membranes or materials for cell cultures in vitro. In the design of specific surfaces that yield
defined biological responses, low temperature plasma techniques show advantages over other

techniques.?2%%!

The benefits of plasma processing arise from the good understanding of plasma physics and chemistry,

learned from other fields*, that enable the introduction of different functional groups and control over the

41,62-64
d.””

topography induced on the surfaces treate It is a technique that is usually reproducible, relatively

4
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inexpensive and applicable to different sample sizes and geometries as well as different materials. It can be
scaled-up to industrial production relatively easily, while other techniques have a smaller flexibility.*® Another
advantage of plasma treatment is the fact that it is compatible with masking techniques to enable surface

patterning, to achieve microstructured materials.®®

Plasma assisted chemical micro-patterning can be performed by the use of masks, transferring the pattern to
the surface by altering the unmasked regions. Figure a.2 presents possible procedures of plasma-induced
chemical micropatterning, achieved with the use of masks. By the plasma surface deposition, usually a thin
layer is desirable in order not to change mechanical or functional properties, avoiding the risk of delamination.
Usually around 1 nm thick films would be enough, but in practice, a thicker film is necessary to accomplish the

required uniformity, durability and functionality.*

PLASMACHEMICAL PLASMACHEMICAL
MODIFICATION PATTERN GENERATION
substrate as received y lasma modificati

(polymer, metal, ...) ! gj;\?;l ﬂd.:hl;twn

chemical surface pattern

‘ Pt et (v H
plasma modification / g » = @ W /
biofunctionalization 3 —— -» 4 ,,,_/,/

MICRO-
LITHOGRAPHY

resist coating

PLASMACHEMICAL
PATTERN GENERATION

plasma modification resist removal
and / or etching

patterned
irradiation
(UV / e-beam)

chemical surface pattern

Figure a.2 Possible processing procedures of plasma-induced chemical micropatterning by the use of masks

development

32

Initially a high number of studies explored the plasma produced surfaces to control bio-interfacial interactions,
but recently the majority of the groups use these surfaces as interfacial bonding layers for the subsequent
immobilization of biomolecules that induce biorecognition.*® In the last ten years, plasma functionalized
surfaces have been successfully used as substrates for stable covalent immobilization of different type of

biomolecules to obtain specific cell response.**%7

Between all the plasma surface modification techniques, there are different ways to achieve the modification.

One of these techniques is of high relevance for this work, the so-called soft plasma assisted modification. This

| 5
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includes processes in which highly sensitive materials are modified and processes conditions are adjusted so
that the molecules that polymerize are activated predominantly at particular reaction sites. This technique
differs from traditional plasma polymerization’* with the aim to reduce side reactions, synthesizing polymeric
thin films that contain a high percentage of repeating units, achieving chemical structure control and

functional group retention.>

A high interest in the development of biomaterials with controlled surface properties to generate bioactive
surfaces has been demonstrated. Among all the surface modification techniques, plasma modification, and
particularly soft plasma assisted modification shows a suitable pathway to achieve the desired surfaces under
control of its chemistry, to link afterwards biological molecules of interest that would perform a platform for

further cell interaction.

The work presented in this thesis has the main aim to contribute in this field, by developing tailored surfaces
with reactive side chains in order to attach desired biomolecules to the surface by a covalent link.

Plasma polymerization of surface active coatings is an attractive method to obtain reactive side chains, by
making nanometer thick films of tailored functional group densities. By controlling the experimental
conditions, the structure of the polymer deposit can be largely controlled and the chemical structures
obtained can range from highly functional polymer networks of low cross link density to polymer networks of

low functional group but high cross link densities.”?

The following objectives in the present work can be pictured as milestones towards this goal:

e Development of functionalized surfaces with different reactive groups from simple structured
commercially available monomers, in order to have a first approach to the plasma polymerization
techniques.

e Synthesis and polymerization of a novel monomer that presents a labile group on its structure to
enhance a straightforward reaction with interesting biomolecules. The attention will be centered on
pentafluorophenyl methacrylate (PFM).

e Tailoring of the PFM polymer for better structure retention and deep study of its reactivity in front of
different amino terminated molecules of interest.

e Patterning of surfaces with the use of masks for selective coating of the samples.

e Application of this film to real devices and test of its biocompatibility by cell culture and in vivo assays.
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b. CONCEPT OF THIS THESIS

As it has been indicated in the previous section, this work is focused on the generation of surfaces by plasma
techniques that have chemically reactive groups, which can subsequently be used for the covalent

immobilization of biologically active molecules.

There are many groups working in the development of surfaces with controlled chemistry by plasma
polymerization techniques to attach different types of biomolecules, such as peptides or proteins. Research
with different kinds of monomers has been presented, such as acrylic acid, allyl alcohol, allyl amine, maleic
anhydride, as a small example.”>7¢7¢78

A common problem in some of these works is the need an activation process in a multistep reaction to anchor
the desired biomolecule, as the groups obtained in the surface aren’t enough reactive to link directly the

molecules of interest.*®%"°

These kind of reactions always entail a certain risk for the surface developed,
usually by the use of organic solvents or other chemicals.

To avoid this multistep, an approach can be the polymerization of monomers with reactive side groups that
could react easily with biological ligands. In this way, Lahann et al. developed an interesting monomer for CVD
polymerization. This monomer based on [2.2]paracyclophanes presents a pentafluorophenyl ester that
enables an one-step reaction for binding biotin-based ligands though microcontact printing techniques.®®*
Even so, this monomer presents a complicated structure and synthesis, what complicates an extended work in
this area. But based on this one-step reactive coating, the present work is centered in the use of a monomer
with the same labile group but easier structure to be polymerized under soft plasma assisted modification, the

pentafluorophenyl methacrylate (PFM).

The research described in this thesis deals with the surface modification of various substrates by plasma
polymerization. The major part of the work is directed towards the funtionalization with pentafluorophenyl
ester groups on the surface, through the pulsed plasma polymerization of pentafluophenyl methacrylate. This
kind of labile group is of high interest for its easy reactivity to amino terminated molecules, such as peptides.

Other commercial monomers are also used at the beginning of the study, as a first approach to the plasma

techniques.

Chapter 1 gives a general overview to the plasma polymerization techniques, covering fundamental aspects
necessary to understand this work. It also presents the different reactors used for the plasma modification

along the research period.
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In Chapter 2, the work done with a first reactor is described. The work done by an alternative method other
than pulsed plasma for soft plasma assisted surface modification, plasma grafting. This section explains the
differences of topography by the use of different gases or gas mixtures on a well known polymer surface, as
well as the further grafting with Pentafluorophenyl methacrylate (PFM). The resulting surface is exposed to a
biological molecule binding through a biotin-streptavidin bridge and posterior cell attachment.

A second approach working with commercial monomers such as acrylic acid, allyl alcohol, diaminocyclohexane
and acryloyl chloride is summarized. The polymerization of PFM is presented, as well as the reaction of the

resulting polymer in front of biotin-based molecules.

Chapter 3 is centered on the study in depth of pulsed plasma Pentafluorophenyl methacrylate films. The work
of the molecular tailoring of these films by variation of the parameters such as the input power, the
electrodes’ distance, the pulse characteristics or the sample position are discussed. Two reactors are
described, and the working parameters are tuned to achieve the desired chemical structure that would retain
the maximum reactive side groups.

The reactivity of these films is also studied in this chapter against PBS solution, an amine solution and a
peptide solution. Multiple analyses are performed by XPS, grazing angle FTIR or IRRAS, SPR and ToF-SIMS, to
have a broad overview of the chemical structure obtained. This part of the research is important to
understand the chemistry and kinetic of the reaction, in order to achieve the best peptide binding for reliable

well characterized bioactive interface. At the end of the chapter cell culture studies are presented.

Chapter 4 centers in the use of the films on microcantilever sensors. Being a technique in development, this
application turned into an alternative analysis method that showed results for the coatings that were
unknown for the group until that moment.

Chapter 5 presents a possible application of the pp-PFM films as platform to enhance the biocompatibility of
biosensors in development, as well as the patterning of the bioactive sites on the microarrays by the use of
masks. In vivo studies of the obtained devices are presented, as well as studies on the definition of the

patterns.
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CHAPTER 1

THEORY OF PLASMA PROCESSING

1.1 PLASMA: THE FOURTH STATE OF MATTER

In general, plasma can be referred to as the fourth state of matter, composed of atomic, molecular and ionic
species, radicals and photons, highly excited, with a neutral electrical charge in the macroscopic sense." It is
typically obtained by exciting a gas or vapor into high energetic states by radiofrequency, microwave, ac or dc
current glow discharges, or as well as by the electrons of a hot filament discharge. Plasma is a highly unusual
and reactive environment. The high density of ionized and excited species in the plasma can change the

surface of normally inert materials.”

The existence of diverse plasma techniques and varied ways of generation, allows for plasma modification
methods to be adapted to any kind of material and specific requirements.

To generate the plasma, it is necessary to ionize atoms or molecules in the gas phase. When an atom or
molecules gains enough energy from an external excitation source or through collisions with another
molecule, ionization occurs.? This happens usually when the molecules are under specific conditions, like
extreme heat, generating the so-called hot plasmas, or under electrical glow discharge, for the cold plasmas.?
The plasmas loose energy to their surroundings through collision and radiation processes; as a result, energy
must be supplied continuously to the system to maintain the plasma state. The easiest way to supply energy
to a system in a continuous manner is with an electrical source. Therefore, electrical glow discharges are the

most common plasmas.l

In cold plasmas, a glow discharge can be generated by the transfer of power from an electric field to electrons.
Different kinds of sources can be used, such as direct current or radiofrequency glow discharge, or electron
cyclotron resonance, as an example, to generate an uniform plasma in a relative big area with a controlled

electronic density.’

In an alternating current (ac) glow discharge, the mechanism depends on the frequency of the excitation. At
low frequencies, the system can be looked upon as a DC glow discharge with alternating polarity. By increasing
the frequency of the applied voltage, positive ions become immobile, because they can no longer follow the

periodic changes in field polarity, and only respond to time-averaged fields. At frequencies above 500 kHz, the
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half-cycle is so short that all electrons and ions stay within the interelectrode volume. This reduces the loss of
charged particles from the system significantly, and regeneration of electrons and ions occurs within the body
of the plasma through collisions of electrons with gas molecules. In radiofrequency plasma (13.56 MHz)
therefore, no contact between the electrodes and the plasma is required. The plasma can be initiated and
sustained by external electrodes, at a much lower voltage than is required for maintaining a direct current

glow discharge.**

14 |



Theory of Plasma Processing

1.2 TYPES OF PLASMA PROCESSES

Plasma can be divided into three major groups regarding the type of gas used to create the plasma: chemically
non-reactive plasma, chemically reactive plasma and polymer-forming plasma. Chemically non-reactive types
of plasma are those of monoatomic inert gases, for example Argon or Neon, which can ionize other molecules
or sputter materials but are not consumed in chemical reactions. Chemically reactive plasmas use inorganic or
organic molecular gases that are chemically reactive but form no deposit on the substrate, like O, or CO.
These kinds of gases are able to cross-link, incorporate oxygen or modify the surfaces they come in contact
with. Polymer-forming plasmas are chemically reactive and form a solid polymeric deposit, like CH; or a

variety of monomers.>®’

1.2.1 PLASMA MODIFICATION

Based on this plasma classification by the type of gas, different kinds of plasma processes can be used to
modify the surfaces:

A first process is the so-called physical sputtering of materials is based on a non-reactive gas in the plasma
phase. The atoms of this gas are turned into ions through the plasma phase and accelerated towards the
substrate. They transfer their energy by collision to the atoms on the surface, which transfer it to their
neighboring atoms. This transfer process continues until one of the atoms is knocked out into the vapor
phase.® 2 The sputtering is mainly used as cleaning process on glass and ceramics.’

Chemical etching involves the chemical reaction of the excited species with the surface elements, such as
oxidation by O, plasma. It involves a physical and a chemical phenomenon depending on the reaction of the
etching gas and the material.® This kind of process can generate modification on the surface that lead to
further cross-linking in the case of polymeric surfaces, or changes on the hydrophobicity of the surfaces by
changing their chemical nature.®® This kind of process is also used as a cleaning process usually for all kinds of
materials. But it also can be used to change the properties of some materials, for example with an oxygen
plasma, increasing the surface activity.™

A last process is the plasma deposition, including polymerization, grafting or plasma spraying.” The plasma
polymerization is explained in detail later on this same text, in section 1.4.

With this diversity, plasma surface modification techniques has gained popularity in the biomedical field, and
can be applied in fields like cleaning/sterilization, coating or modification of the surface chemistry of the

substrate.’
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Among the different modification processes, the use of the plasma grafting technique has its origins around
the 1960s. In the next two decades, the experiments with grafting techniques were done mainly with acrylic
acid or acrylic amide to enhance the properties of fibers and textiles, such as their wettability. In the late 80’s,

1112 the interest on this technique started to expand.™

with the work of Hirotsu
Grafting of polymeric materials can be achieved by combination of physical and chemical methods.** Although
it is possible to do the grafting by a one-step procedure, usually grafting is done by a two-step procedure.
Conventional graft-polymerization from plasma activated substrate surfaces is based on two distinctive and
consecutive reactions: generation of active sites or reactive functionalities on substrate under the action of
discharge species, followed by the development of graft-polymerization reactions in the absence of plasma.’
There are three main methods described for the development of the graft-polymerization reactions. The first
one is based in letting the monomer enter the reactor chamber in the gas phase once the surface has been
already activated. A second method immerses the activated surface directly in the liquid active agent. The last
case proposes to expose the activated surface to the oxygen contained in the air, to produce peroxides on the
surface that would later on react with a reactive monomer solution. The second and third methods present a
slight decrease in the polymerization yield in comparison to the first method, due to side reactions.”® In the
present work, the grafting has been done by following this first method.

In the grafting process, the activation of the surface can be obtained by exposure of the sample to gas plasma.
The gas can be any type of non-polymerizable gas, as exposed in the introduction, or any mixture of them.
Every kind of gas or mixture of gases produces a different plasma, opening a broad range of possible
modifications.™

Depending on the gas, the plasma can be non-reactive or reactive, as it was already exposed in the general
introduction. The use of noble gases, like Argon or Helium, allows the generation of free radicals on the
surface by a sputtering processes. These can react with the monomers, giving surfaces with determined
functionalities. The use of reactive gases can have many chemical applications. For example, one can oxidize
the surface working with oxidant gases air, oxygen or water vapor. A reduction of the surface can be
accomplished by working with hydrogen, methane or diluted mixtures of them with argon or nitrogen. Then,
active gases like ammonia can be use to get specific functionalities.’®**™ The gas used will so determine
mainly the chemistry and the topography of the modified surface.*®*

The use of plasma grafting has yield to promising results to develop surfaces that can immobilize

biomolecules.?**
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1.3 COMPETITIVE ABLATION AND POLYMERIZATION PRINCIPLE

Another modification process, is the plasma polymerization. In this approach, there are two opposite
processes: polymer formation leading to deposition of materials, and ablation that leads to removal of
materials. Ablation of materials during the plasma processes is an important factor. It is due to two basic
mechanisms, physical sputtering and chemical etching processes. The reactive species in the plasma aren’t
only from the monomer, but also species from the competitive ablation of the already deposited material.
This is the competitive ablation and polymerization principle (CAP), review by Yasuda®, which presents the
importance of a balance between polymer formation and ablation. It can be influenced by the process
conditions and the reactor shape. Figure 1.2 represents the overall mechanism of glow discharge

polymerization.
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Figure 1.1 Overall mechanism of glow discharge polymerization®

A third possible process is the plasma assisted grafting. It is based on a two step process, in which the first
step is the activation of the surface by a non-polymerizable gas producing radicals on the surface, and a
second step where there is a chemical reaction between the activated surface and the chosen reactant

without the influence of the plasma discharge, by exposing it to a vapor or solution of the monomer. > 2 **
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1.3.1 POLYMERIZABLE SPECIES AND GROWTH MECHANISMS®

The ionization of a helium atom for example can be visualized as follows

He + e~ —» He" + 2e” Equation 3

By applying the same principle to the glow discharge of organic molecules, the first step of ionization can be
written as

M+ e > Mt + 2e” Equation 4

A positive ion and two electrons are produced in this reaction. The two electrons are accelerated by the
electric field, and can produce further ionization. A monomer consisting of different atoms can be represented
as ABH instead of M for the entire molecule. The dissociation that occurs then is represented by the following

energy transfer schemes

ABH + e > A"+ B* +H +e” Equation 5
A" = Ae + hv B* - Be + hv

where A* and B* represent the A-based and B-based excited photo-emitting species, correspondingly. H
represents a detached hydrogen atom. Ae and Be represent chemically reactive but not photo-emitting
particles. After a very short period of time the excited species fall to a lower energy level, or returns to the
ground state by radiative decay. Both processes, the photo-emission and the chemical reaction of the reactive
species cannot occur at the same time, being exclusive of each other. Even so, the photo-emitting particle can
release the excess of energy to react or polymerize further on.

After the generation of the polymerizable species, the growth mechanisms of the polymer formation under
plasma processes are present. The reactive species created in the plasma gas phase are usually the building
blocks for the plasma polymerization. Yasuda proposed the rapid step growth polymerization (RSGP)
mechanisms as growth mechanisms in plasma polymerization processes, where the recombination of reactive
species and reactivation of the reaction products are very important.

Figure 1.2 gives a schematic presentation of the growth mechanisms involved in the RSGP.
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Cycle |
I
/ Mi. + M o Mi Me (1)
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Figure 1.2 Schematic diagram of the bicyclic step-growth mechanism of plasma polymerization.3

M can be either the original monomer molecule, or any of the dissociation products, including atoms. The
reactive species are denoted here as monofunctional (Me), or difunctional (eMs) free radicals, but other
activated species should also be considered in the reaction mechanism.

In Cycle | the reaction products from monofunctional activated species are repeatedly activated. Cycle Il
proceeds through the reaction of difunctional radicals with other species. Reactions (1) and (5) represent
basically the same addition of reactive species to the monomer, as in a free radical living polymerization.

Reaction (3) presents the cross-cycle reaction from cycle I and II.

The growth via cycle | requires the reactivation of the products of reaction, while cycle Il can proceed as long
as divalent reactive species or monomers with double and triple bond exist. Repeating steps via both cycles,
the species vary in size, leading to a deposit in the substrate surface. The number of how many times the

cycles repeat before a species deposits is expressed by the kinetic pathlength.

Some recent studies® point out the possibility that this scheme is too generic and ionic species could have a
more predominant character in some plasma polymerizations. Even so, the general aspect of this mechanism
allows the good understanding of the plasma polymerization chemistry and will be therefore taken as the

basis for this work.
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1.4 THIN FILM DEPOSITION

The plasma modification process is where the surface structure is modified by plasma activated species of
non-polymerizable atoms or molecules, equivalent to the chemically reactive plasma. The extent of surface
modification by this process depends on parameters as the nature of the gas, the process pressure or the
residence time, among others, and may lead to damage of the surface. It has been shown that short residence
times lead to very effective treatments.”®

Among all the plasma surface modification procedures, the soft plasma assisted modification is of special
interest in this work. This is performed through careful control of the process parameters, achieving relatively
high precision in the chemistry and properties of the material deposited, and negligible damage to the

substrate.

Plasma polymerization can be defined as ‘the formation of polymeric materials under the influence of
plasma”?, involving the dissociation of starting materials and reorganization of the resulting neutral and
charged molecular fragments into macromolecular structures on the surface of the substrate. The plasma
polymerization processes is where a precursor or monomer is introduced into the system, being activated in
the plasma phase and bombarding the surface lead to dissociation of bonds at the interface, surface etching
and chemical reaction between the active sites in the surface and the reactive monomer species in the

plasma.”

Today plasma polymerization is accepted as important process for the formation of entirely new materials and
as a valuable technique to modify the surface of materials. Advantages of plasma polymerization include the
fact that pin-hole free, conformal thin films can be deposited on most substrates, using a relatively simple
one-step procedure. >?® Additionally, a wide range of compounds can be chosen as a monomer for plasma
polymerization, proving a great diversity of possible surface modifications and thickness ranges from microns
to ultra thin films (up to 2-10nm).?”*® These advantages have resulted in a rapid development of plasma

technology during the past decades.”

Despite the efforts that have been made, plasma polymerization remains a very complex process.>*® The
structure of plasma deposited films is not as well defined as that of conventional polymers, and depends on
many different factors. In plasma polymerization, the species that form polymeric deposits is not the original
gas (monomer) but reactive fragments (mainly free radicals) of the original molecule.® Several groups have
reported that the structure, as well as the surface chemistry of plasma polymers, can be influenced by
parameters such as the design of the reactor, input power, monomer flow rate, substrate temperature, and

frequency.®?*>"* Initially, most of the studies on plasma polymerization focused on the production of highly
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cross-linked films, as the starting monomer is highly degradated. Reactions were generally carried out under
high-energy plasma conditions, leading to a wide variety of ionization and chemical bond dissociation

>72% Intense fragmentation

processes, with no repeating monomeric unit to be found on the resulting polymer.
and recombination both in the plasma phase and on the surface lead to significant reorganizations of the
molecular structure.**** The obtained polymers had chemical and physical properties quite different from the

conventional polymer from the same starting materials.?®

Recently the interest has turned into the control of the chemical composition, morphology and deposition
rates of plasma thin films?, achieved by the already presented soft plasma assisted procedures. Different
techniques to control the chemistry of plasma films have been investigated and studies in the area of pulsed

plasma surface modification have been performed showing promising results.>>**3®

1.4.1 ADVANTAGES OF PULSED PLASMA vS CONTINUOUS PLASMA

The modulation of the pulsed plasma is defined by the Duty Cycle (DC), which is the relationship between the

plasma on-time (t,,) and the pulse duration (ton+tos).

DC = o Equation 1
tont toff

The equivalent power (P.y) experienced by the substrate during the pulse is expressed as the product of the
DC and the input power (Ppeax)

Peg = Ppear X DC Equation 2
Thus, by keeping the DC low, high values of input power can be applied during the on-time periods, obtaining
a low equivalent power over the complete cycle, and getting so a better functional retention. it has been
proposed that the use of pulsed sources offers the advantages over CW of increased operational stability,
reducing trapped radicals in the film, lower deposition surface temperatures, and decreased high-energy ion

bombardment and UV flux to the surface.*

During the t,, phase, the process is governed by reactive species, and is similar to the continuous wave
processes. The molecules of the gas dissociate, and UV radiation is generated due to the relaxation processes
of the electronically excited species The net effect of this photoirradiation is often more damaging than

beneficial.® Reactions give a mixture of surface modification, deposition and ablation process.
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On the other hand, during the t.s phase, the less stable species, like ions and electrons disappear rapidly
through the relaxation process, leaving the organic radicals, for further reaction. The density of reactive

species decreases and the CAP principle is not important anymore. It is believed that the radicals continue a

radical polymerization at the surface and lead to the deposition a thin layer.?**>*

By the use of rf pulsed plasma instead of the traditional wave (CW) plasma, is has been reported a high control
over the film chemistry by variation of the plasma-on or plasma-off times. For many monomers, it was found
that a more selective chemistry occurs during the plasma-off relaxation periods, where preponderance on

radical-monomer type processes lead to less cross-linked and more ‘polymer-like’ structures at relatively long

off-times.>>*%*

As explained above, pulsed plasma seems a good way to achieve structure retention in the polymerization of
functionalized monomers by plasma. The pulse discharge changes the balance between the contributions of
cycle I and cycle Il. During the off-periods, the kinetic pathlength of cycle | are shorten and the one of cycle Il
could increase, leading to a kind of “free radical living polymerization”. For monomers that can be polymerized
by this conventional process, like molecules with double and triple bonds, the growth mechanism proceeds

during the off-time expanding the polymer while retaining the original chemical structure of the monomer,

and preserving the functionalities.®***°

The retention of functionalities has been deeply studies by different groups. One of the most used monomers
for getting carboxylic acid functionalities is acrylic acid. This has been studied for several technological

applications including biomaterials interfaces.”*°°®® Acrylic acid has attracted a lot of researchers trying to

44,49,52,52,53,64-67

understand its polymerization pathways and functional retention. Other monomers that have

|7,26,32,34,37,68—70 34,37,71-77

been deeply studied are allyl alcoho to retain alcoholic groups or allyl amine to get

amino groups, achieving interesting applications for the thin films. Aging in front of air or solvents of these
polymers, usually in copolymerization with crosslinkers has been also taken into consideration, showing that

the aging characteristics of a particular plasma polymer are not constant, but vary depending on the

apparatus used to deposit them.>*®*7’®

But a big diversity of monomers has been studied besides these three functionalities. To retain ether

48,79-82 23,43,43,76,83-85

functionalities, ethylene glycol has been used. Several methacrylates , maleic anhydride ,

36,42,86-91

fluorocarbon thin films among others have been deposited as they present interesting structures for

determinate applications, especially for biomaterials applications. The ring retention of aromatic compounds

has also been achieved by controlled plasma polymerization.***%*

22 |



Theory of Plasma Processing

1.5 PLASMA REACTORS USED IN THIS WORK

In this section, the different reactors used along this research are presented.

A first barrel reactor, used for the experiments in Chapter 2 is presented in section 1.5.1. In Chapter 3, two
systems are used for the polymerizations. The second system, system 1, presented in section 1.5.2 is the
reactor employed at the Max Planck Institute for Polymer Research, in Mainz (Germany). This apparatus is
utilized to develop the PFM films, working on the plasma parameters to retain the desired structure. The third
system, system 2, presented in section 1.5.3 is built in the Institut Quimic de Sarria, in Barcelona (Spain). This
reactor is used to reproduce the structures already studied in the first system, but under different
polymerization conditions.

Figure 1.3 presents a scheme of a parallel-plate radiofrequency plasma reactor, similar to the Reactor 1. The
possible species present when the plasma is generated are also drawn. Usually rf plasma reactor can use

internal or external electrodes. This model uses internal electrodes.
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Figure 1.3 Scheme of a parallel-plate rf-plasma reactor.

The other two reactors, system 1 and 2 are built with external electrodes. These two reactors in the external
mode are made of glass, reducing the effects of the electrode materials as impurities introduced in the plasma

process.2
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1.5.1 REACTOR 1: APPLIED IN WORK PRESENTED IN CHAPTER 2

An originally restoration purposes barrel reactor has been readapted for plasma polymerization. Therefore the
reactor has a big volume (14 1) inside the chamber.

The plasma deposition apparatus consisted of a stainless steel discharge vessel (diameter: 26 cm, length: 24
cm) parallel plate reactor as shown in Figure 1.4. The ground electrode was the reactor chamber, and the RF
electrode was a stainless steel plate. The samples were located on this plate for polymerization. The RF
electrode was connected to a RF pulse generator (13.56 MHz) via a matching network. The gases or
monomers were supplied via a standard manifold with gas fluxes adjusted with needle valves. The system
pressure was determined using a Pirani type vacuum meter (MKS, USA), positioned between the reactor and a
cold trap. The two stages mechanical pump (RV12 903, Edwards, GB) was positioned after the cold trap, and

evacuated the vessel to a reactor chamber pressure of 0.1 mbar.
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Figure 1.4 Schematic diagram of the plasma reactor and its electrical components
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1.5.2 SYSTEM 1: DEVELOPING PFM FILMS

Plasma polymerizations were carried out in a home-built 30 cm long cylindrical Pyrex reactor using an
excitation frequency of 13.56 MHz. Figure 1.5 shows a schematic diagram of the apparatus used. Gases that
were fed through the system pass through a glass, liquid nitrogen cooled trap for collection of excess reactant
before reaching the pump (Leybold Trivac, D16BCS/PFPE). A MKS baratron (Type 122) was connected near the
inlet, to monitor the reaction pressure. A home built pulse generator controls the pulsing of the radio
frequency signal, which was amplified by an ENI 300 W amplifier and passed via an analogue wattmeter (BIRD
4410A) and a matching network to two concentric rings located around the exterior of the reactor. The rings
were separated by about 13 c¢cm. The typical base pressure prior to all experiments was 1x10™ mbar.
Pentafluorophenyl methacrylate monomer vapor was introduced at a constant pressure of 0.2 mbar via a

needle valve. The reactor’s inner volume was around 4 |, while the effective plasma volume is approximately

2,41
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JE Faraday Cage

Figure 1.5 Schematic diagram of the plasma reactor and its electrical components in System 1
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1.5.3 SYSTEM 2: REPRODUCING FILMS UNDER DIFFERENT CONDITIONS

Figure 1.6 presents a schematic diagram of the second system. It was a home-built 70 cm long cylindrical
Pyrex reactor. Polymerizations were performed using an excitation frequency of 13.56 MHz. Gases that were
fed through the system pass through a glass, CO,/acetone cooled trap for collection of excess reactant before
reaching the pump (Edwards RV12 903). An analogical Pirani type vacuum meter (MKS, USA) was connected
near the middle of the reactor chamber, to monitor the reaction pressure. In a home built system, the pulse
generator controled the pulsing of the radio frequency signal, which was amplified by a 150W amplifier and
passed via an analogue wattmeter and a matching network to a 10 cm long coil located around the exterior of
the reactor. The typical base pressure prior to all experiments was 1x10> mbar. PFM monomer vapor was
introduced at a constant pressure of 0.2 mbar via a needle valve. The reactor’s inner volume is approximately

31, while the effective plasma volume is about 1.7 I.
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Figure 1.6 Schematic diagram of the plasma reactor and its electrical components in System 2
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The three reactors presented have their own characteristics. Although they are all RF plasma reactors, they

have some key differences: Table 1.1 exposes some of the parameters to compare them.

Table 1.1 Characteristics of the different Reactors

Reactor 1 System 1 System 2
Material stainless steel glass glass
Volume /| 141 4| 31
Effective plasma volume / | 0.51 241 1.71

Reactor 1 is a stainless steel reactor with inner electrodes, as said above. This kind of reactor has a possible
source of contamination in its own nature. It has a big volume with a small effective plasma volume: This kind
of geometry presents the advantage of allowing the use of large surface area samples, even though the shape
of the plasma discharge zone near the electrode plate with small height demands flat samples.

The main disadvantage presented by this reactor is the high difficulty to control leaks and therefore the
presence of residual air during the treatments, as will be exposed later in Chapter 2.

The plasma parameters are similar to the ones from the other reactors, besides the pulse range: This reactor
can only have a fixed duty cycle for applying pulsed plasma, fixed at 66 ms / 132 ms (DC=1/2 with 15 Hz
frequency). This factor limits the control over the film chemistry by tailoring the plasma parameters.

The pulsing ranges in systems 1 and 2 are tunable: The ranges of plasma on- and off-time can be fixed
between 1 ms and 100 ms. The difference between this two systems lies in the fact that in system 1 the pulse
can be generated directly with the chosen DC, while for system 2 the plasma off-time must be risen from 1 ms
while the plasma is turned on, leaving a light delay until reaching the desired polymerization conditions.

These two reactors are tubular glass reactors. They present different geometries and coupled systems. System
1 has a bigger inner volume, with an effective volume concentrated around the sample area. The sample is
placed between the electrodes, being directly exposed the glow discharge area. In System 2, samples are
placed along the reactor tube, inside and outside the coil. This system presents a different configuration in
front of the previous reported reactors, as it is an inductively coupled system. A radiofrequency
electromagnetic field is generated by the inductive coil, producing the glow discharge.”

Differences in the design of this two plasma systems affect the flow of process vapors, and the shape of the
plasma discharge zone, which affects the density and the nature of species in the plasma.** This can result in
relatively large differences in deposition rates or film chemistry.

The control of the flow rates was done through a needle valve in all cases. Even though, it was harder to
control the flow in Reactor 1, as the monomers were placed further away from the reactor chamber.
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CHAPTER 2

PLASMA PROCESSES AND POLYMERIZATION OF

REACTIVE MONOMERS

Plasma modification has been presented as a suitable method for surface modification and achievement of
reactive side groups on surfaces. To this end, in this chapter, different plasma modification methods will be

studied as possible processes to achieve platform to attach ligands and so improve cell adhesion and growing.

A first section will present a grafting procedure on polypropylene, that with the deposition of a highly reactive
polymer (pentafluorophenyl methacrylate) opens a way to covalently attach biological ligands to the surfaces.

The same monomer will be also studied as monomer for plasma polymerization in a subsequent section.

2.1 PFM AND ITS GRAFTING POTENTIAL

This part of the work is centered in the grafting process with PFM on polypropylene. After the grafting
procedure of PFM on the surface, biotin was linked covalently to the surface by microcontact printing.
Furthermore streptavin was bind to it, and through a biotinilized antibody recognized by integrins, cells were

attached to the surface, as presented in Figure 2.1.
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Figure 2.1 Schematic drawing of the steps followed in this chapter
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To accomplish the grafting process of PFM, a first study of the influence of the different parameters was done.
Afterwards two combinations of parameters were chosen to carry on the grafting of the pentafluorophenyl

methacrylate on the surface.

2.1.1 EXPERIMENTAL SECTION

Materials

Grafting

Substrates for these experiments were 5 cm x 3 cm pieces of 45 um thick commercial polypropylene,
purchased from Servei Estacio (Spain).

Nitrogen 5.0, oxygen 5.0 and argon 5.0 were purchased from Carburos Metalicos (Spain). Acrylic acid (99%)
and 1,7-octadiene (98%) were purchased in Aldrich (Germany). The monomers and crosslinkers were used as

supplied. PFM was synthesized as described (see section 2.1.3) and used as synthesized.

PFM synthesis

Florosil (60-100 mesh), methacryloyl chloride (98%), 2,6-dimethylpyridine (2,6-lutidine, 97%), 2,3,4,5,6-
pentafluorophenol (99%) were purchased in Aldrich (USA).

Biotin-Streptavidin bridge and Cell attachment

(+)-Biotinyl-3,6,9-trioxaundecanediamine, streptavidin, fluorescein-conjugated streptavidin and Tween 20
detergent were obtained from Pierce (IL, USA). 2-aminoethoxyethanol was purchased from Aldrich
(Milwaukee, USA). Phosphate buffered saline (PBS, pH 7.4) and bovine serum albumin (BSA) were obtained
from Gibco (New York, USA) and Sigma (Germany), respectively. Hoechst 33528 or bisbenzimide, (2’-[4-
hydroxiphenyl]-5-[4-methyl-1-piperazinyl]-2,5’-bi-1H-benzimidazole), was purchased from Hoechst Co.

(Germany).

Plasma grafting

The reactor chamber used for the grafting experiments is shown in section 1.5.1, with a typical base pressure
of 0.1 mbar. Working gases (Ar, N, and O,) were introduced in the reactor through a needle valve system.
Samples were positioned in the reactor; maintaining process pressure (0.2 mbar) and sample position
constant in all experiments. The deposition time, and the peak power were set individually for each
experiment ranging from 15 to 60 min. The activation procedure was performed using continuous wave at

input powers of 40 or 100 W.
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After surface activation by exposure to the gases plasma, the plasma is turned off, and gases closed.
Monomers’ and crosslinkers’ inlet are opened until reaching the desired pressure during 15 min.

After the grafting procedure, samples were removed from the reaction chamber and stored until further use.
The reaction chamber was cleaned after each deposition using EtOH and a cleaning procedure a 60W argon

plasma exposure for 10 minutes.

Film characterization

AFM analysis was performed in tapping mode using a Nanoscope Il Instrument (Digital Instruments, Santa
Barbara, CA, USA). The roughness of the coatings was measured in terms of arithmetic average roughness (R,),
root mean square roughness (Rq) and maximum roughness height (Rmax).

FTIR spectra were recorded by a Bomen MB-120 spectrometer in transmittance mode. For the reflectance
mode, an IR-Plan-Spectra Tech microscope is linked to the spectrometer.

Fluorescence microscopy pictures for the analysis of later work with reacted molecules and cells were taken
with a Leica DMRA2 Epifluorescence microscope, equipped with an 113 specific filter for fluorochrome, FIT.

Further description of the analysis techniques used in this work is to be seen in the Appendix.

Microcontact Printing (uCP)

This technique is applied on the substrates after realizing the grafting procedure, for the reaction with the
biomolecules.

It is necessary to do several steps to develop the stamp that will be used afterwards for the printing. The
starting point is a silicon wafer, where a determined morphology is designed using photolithography. This
wafer is called the master. This master is cover with polydimethylsiloxane (PDMS) and introduced in an over at
60°C during 4 hours, to get the final stamp, as Figure 2.2 presents in its scheme.

Once the elastomer is cured, it is separated from the original master. This stamp is oxidized during 1 min with
corona plasma (Harrick PDC-32G, medium setting, 2mbar). The surface is immediately introduced in a 10 mM
(+)-Biotinyl-3,6,9-trioxaundecanediamine in EtOH solution during 1 min. The stamp is dried under a Nitrogen

stream during 20 s.
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Figure 2.2 PDMS stamp design and fabrication process
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The PDMS stamp is then placed on top of the substrate and a small pressure is made by putting a glass slide
over it during 1 min. After this step, the sample is incubated during 30 min with 2-aminoethoxyethanol, that

reacts with the left active sites.

Human anti-as-integrine immobilization

The samples were incubated in a sterile Petri dish for 10 min in a 0.01 M PBS buffer solution with 0.1% (w/v)
BSA and 0.2% (v/v) Tween 20 detergent. This solution is called Buffer A. This Buffer A is used to black the
remaining sites where biotin didn’t bind to the surface.

Afterwards the samples are incubated with a 10 mM streptavidin solution in Buffer A during 60 min. After in
incubation, samples are rinsed several times with PBS and are then exposed to a biotin conjugated human
anti-os-integrine solution (6 pg/ml) during 120 min.

To be sure every binding step was working properly; every step was checked by reacting with fluorescein-
conjugated molecules. So, after binding the biotin in the previous step, the link of streptavidin was checked by
binding fluorescein-conjugated streptavidin to the surface. By this step, it could be checked if the biotin and
the streptavidin were linked to the surface.

Later to check the presence of the biotin conjugated human anti-as-integrine, the sample was incubated in a

secondary anti-body solution, anti-mouse IgG, that was also fluorescein-conjugated in PBS (1:10).

Cell adhesion

Once the link of the integrine is verified, endothelial cells are exposed to the surface on a try to observe their
preferential adhesion to the modified areas.

Human Saphenous Vein Endothellial cells (HVSaEC) were used for these experiments. Cells were seeded on all
samples at the same cell density (300000 cells/sample) in basal medium for endothelial cells, EBM-2, without
growth factors or any antibiotics. They were incubated at 37°C for four hours.

For being able to observe them with the fluorescence microscope, cells are fixed. The medium culture is
extracted from the cells, and new medium is introduced. Afterwards they are rinsed with PBS, and cells are
fixed with a 3% (w/v) paraformaldehyde in 0.01M PBS solution covering them. They are incubated 5 min at
37°C and them 15 min at room temperature. The sample is then rinsed again with PBS during 10 min.
Afterward the nuclei of the cells are dyed with an aliquot (1:200) Hoechst 33528, a pentahydrated
bisbenzymide, in 1% (w/v) BSA in 0.01M PBS, a fluorescent dye that is specific binding to the DNA. They are

incubated 30 min in the dark. Afterwards the sample again rinsed with PBS 10 min.
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2.1.2 SURFACE GRAFTING

The results here showed become particularly relevant, as they permit us to learn about the grafting technique.
For the group at the IQS, at this stage, it is especially important to understand the effect of the parameters
that can be chosen to apply them in further researches.

A broad number of experiments were done on the grafting process over the surface to understand the
influence of the different parameters on the surface chemistry and topology.

Over the activation process, diverse experiences were done by controlling the different factors, as the type of
gas, the input power or the exposition time to the gas. The gases used in these experiments are Argon,
Oxygen, Nitrogen and mixtures of them.

Argon is an inert gas, which helps in the etching process, by cleaning the surfaces and at the time creating new
reactive sites by mechanical work. In the case of Oxygen and Nitrogen, we are talking of reactive gases that
interact with the surface by forming functional groups related to the nature of these gases, as can be seen in

Figure 2.3.
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Figure 2.3 Functional groups formed by the action of reactive plasma

Substrate characterization

Before starting with the experiments it is important to characterize the original surface. The substrate used for
the grafting is polypropylene, as exposed before. Some analyses will be done with AFM, but the original isn’t a
flat surface. Therefore it is import to know which the features of the substrate are. Figures 2.4 present the
images gotten by AFM to study its topography.

The phase image shows a crystalline phase (yellow) and an amorphous phase (orange), indicating the
existence of a semicrystalline polymer. The surface topography shows a hill-valley structure, with a roughness

characterized by the following values: Ra = 4.51 nm, Rq = 5.74nm and Rmax = 49.3 nm.
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Figure 2.4 Phase image, 3D lateral view and section profile of 1 um untreated polypropylene

Effect of the etching process on the surface: influence of the different parameters

The etching process is part of the grafting over the surface with the monomers we want to explore. Therefore
a study of the influence of the different parameters over the surface is very interesting. The chemical changes
are hard to determine while working with polypropylene as a substrate. ATR-FTIR is not sensible enough for
this kind of surface modification, since it isn’t enough deep to be recognized by this method. Therefore, at this
stage, only the topography will be observed, with the AFM technique.

Different parameters were studied, like the etching time, the input power and the gas used for the ablation

process.

As the original surface, the treated samples present hill-valley topography. But the hill-valley landscape is
clearer in the treated surface. The shape of the hills is more profiled in these samples and certain regularity
appears. Another remarkable effect observed over the surface is the alignment of the hills and valleys,
presenting preference directions to grow. It was able to control the regularity depending on the gas that we
use, as well as the distance between hills.

On the other side, depending on the etching time as well as the input power, it is possible the control over the
surface roughness. It is possible to go from a flattened surface, with root mean square roughness values
around 1nm and maximum height values of 13nm (see Table 2.1), compared to the original surface, to a very

rough surface, with maximum height values around 150 nm.
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It is very interesting to remark, that even not working in the best conditions, because of the reactor's
characteristics (for example, the high working volume), it is possible to control the surface's scenery.
The extended study over the parameters treated independently is presented in the next lines. All values and

figures referred above are present in this part.

Etching process time

The next series of experiences are done to observe if the exposure time to the plasma has any influence on
the surface’s topography. The plasma is done under 100 W input power and continuous wave, with 0.2 mbar
Nitrogen inside the reactor. Sample position is maintained constant through all experiences, as mentioned

above. Exposure times to the plasma are fixed in 15 min, 30 min and 60 min.
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Figure 2.5 Topography images and section profiles of polypropylene treated by N, plasma at different times

Figure 2.5 presents the topography images taking by AFM for the treated surfaces. Their roughness
parameters are presented in Table 2.1, in comparison to the original polypropylene surface.

It has to be noted, that the height of the images is 50 nm, except in the first case, where the scale was
amplified to 25 nm, to be able to distinguish the modification.

By comparing the samples to the original sample (see Figure 2.4), it is easy to notice that the exposure to the
plasma has a big influence on the surface in terms of topography. The exposure for short times (15 min) has a
smoothening effect on the polymer. Taking a look at the roughness parameters, presented in Table 2.1, and

the profile section, it is remarkable that the roughness decreases dramatically by this treatment.
When the etching time was extended to 30 min, the sample presented a rougher surface as at 15 min. Even

so, the sample was still flatter than the original one. The exposure to 60 min treatment achieved an increase in

the roughness of the surface, over the original one.
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Table 2.1 Roughness values of polypropylene treated with N, plasma at different times

Ra (nm) Rg (nm)  Rmax (nm)

Polypropylene 5 6 49
+15 min 1 1 13
+ 30 min 2 3 31
+ 60 min 13 17 150

The differences over the surface topography can be due to two factors. In the one hand, there is an ablation
process, due to physical and chemical etching processes.” On the other hand, the temperature on the surface
increases as the plasma is on, what can cause changes in the polymer’s structure.?

As expected, the long plasma treatments under high power continuous wave of non-polymerizable gases
increases the surface roughness. In this study it gets clear that by working less time the roughness in
decreased. This fact would permit the control over the topography of the surface as desired by only

determining the exposure’s time.

Plasma input power

After seeing the influence of the exposure’s time, it is interesting to study the influence of the input power on
the surface. The plasma was run under continuous wave, with a mixture of argon and oxygen (1:1). As the
previous section has shown that there is an extended increase on the surface’s roughness by exposing the
sample for 60 min to the plasma, this is the time fixed for these experiments. The input power will be studied

fixing it at 40 W and 100 W.

50,0 nm—

0.0 nm -

100 200 300 400 500 60O 700 GO0 800 nm 100" 200 300 400 SO0 GO0 70O AOD @00 nm

Figure 2.6 Topography images and section profiles of polypropylene treated by Ar/O, plasma at 40 and 100W
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Figure 2.6 presents the AFM resulting images after the etching process with the different input powers. Taking
a look to the topography images and the section profiles, it can be seen that both samples present a hill-valley
structure. Moreover, in comparison to the original polypropylene substrate, this hill-valley structure is
promoted by the plasma treatment. A certain alignment in the hill-valley chains can be observed in both
samples, something that could already be observed during the time study for the sample treated during 60

min (see Figure 2.5).

Comparing both input powers, it can be seen that the sample treated at a higher input power has a higher
roughness. Table 2.2 presents the roughness parameters associated to these samples. The parameters
obtained for both samples are higher than for untreated polypropylene. Furthermore they increase as the

input power grows, as expected. The input power gives us a way to selectively control the surface topography.

Table 2.2 Roughness values of polypropylene treated with Ar:0, plasma at different powers

Ra (nm) Rg (nm)  Rmax (nm)

Polypropylene 5 6 49
+40W 8 9 73
+100 W 13 15 88

Nature of the plasma gas influence

In the precedent studies it has been that the larger extended change on the surface is achieved by working
under the most extreme conditions. In our case, it means working at 100W continuous wave and exposing the
sample to the plasma during 60 min. The nature of the gas is also an interesting point to study. This series of
experiments is centered in its influence over the surface’s topography.

The plasma is done under 100 W input power and continuous wave, with 0.2 mbar gas inside the reactor.
Sample position is maintained constant through all experiences. Exposure time to the plasma is fixed at 60
min. The different gases used are argon, nitrogen, oxygen and a mixture argon:oxygen (1:1). Once the plasma

is turned off, the sample is exposed to 15 min gas environment to deactivate the remaining active sites.

As it can be observed in Figure 2.7, the topography of all samples treated with the different gases presented a
hill-valley structure; though, depending on the nature of the gas, this structure was more pronounced. It is
remarkable that the alignment of the hills in one of the directions can be seen in all samples; however it is

more evident in the samples under plasma with the presence of argon.
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When looking at the first sample, treated with argon, the topography of the surface has become more regular
in comparison to the original polymer. The values of roughness, presented in Table 2.3, increased

perceptively, showing that the surface has become rougher.

The samples treated with nitrogen or oxygen plasma showed a higher roughness and certain hills became
significantly high. In comparison to argon, these gases have a chemical etching character that is not present in
the noble gas. This leads to a higher ablation process. Additionally the atomic and ionic radii of nitrogen are
smaller, what would allow nitrogen or oxygen to penetrate deeper while forming the valleys.

In the case of the treatment with oxygen the regularity in the alignment of the hills is hard to be recognized.

I
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100 200 300 400 500 60O 700 500 900 nm 100 200 300 400 500 BOO 700 800 900 nm

50.0 nm

0.0 nm |

O2 Ar :02
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Figure 2.7 Topography images and section profiles of polypropylene treated with different gases

The last image presents the treatment under the mixture of argon and oxygen. This treatment obtains the
highest roughness values. Compared with the oxygen treated sample, the combination of the gases leads to a
higher regularity of the hill-valley topography, in the way of the argon treated surface. However the distance

between valleys and hill is very high, obtaining a great roughness, with a high order.
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As a certain alignment is observed, generally in one of the growing directions, a complementary parameter is
determined. The measure is done over a 2D image of each sample, perpendicular to the alignment direction.
The distance between the consecutive hills is determined at 10 different points and an average is estimated.
The results are presented in Table 2.3. This distance is changing when using the different gases for the plasma

treatment. For the treatments where there is oxygen present the distance increases slightly.

Table 2.3 Roughness values for polypropylene treated with different gases

Ra (nm) Rg (nm)  Rmax (nm)  distance between hills (nm)

polypropylene 5 6 49 e
+ Ar 8 9 66 78+ 18
+N; 13 17 150 88 +22
+0, 11 14 114 124 +17
+Ar:0, 18 22 148 110+ 21

Using different gases, it has been shown that a control over the surface’s roughness and regularity can be
achieved. The samples exposed to argon presented the highest order in the alignment of the hills, while the
samples exposed to oxygen and nitrogen presented the highest pronounced hills. The used of a mixture of
argon and oxygen led to a surface with both characteristics.

As exposed at the beginning of this section, after working with all the parameters separately, their influence
over the surface’s topography has been demonstrated. The highest exposure time to the plasma, as well as
the highest working power result in the more pronounced changes over the surface. Working at short times
ends in a flattening effect. Using different gases produces different topographies, within some with a high
regularity and other with a high roughness, with peaks that approach the 150 nm high.

Over all the modifications possible, two of them are chosen to continue with the grafting procedure.

2.1.3 PFM: SYNTHESIS AND GRAFTING

For the purpose of achieving cell attractive surfaces, the successful linkage of biomolecules to these surfaces is
an important aspect. Therefore, the approach proposed in this thesis is based on the presence of extremely
reactive side groups on the substrate that are able to link the molecules of interest. Based on the work of
Lahann et al.**, classically plasma vapor deposition utilizes derivatives of parylene, and yet the synthesis
processes involved are complex and lengthy.® The development of a feasible alternative to complex
functionalized monomers is attractive. An acrylate-type monomer, pentafluorophenyl methacrylate (PFM)

presented in Figure 2.8, was synthesized and used for plasma polymerization. Although methacrylate
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derivatives of pentafluorophenol are well known’, their use as monomers for plasma polymerization has not

been studied in depth.

Figure 2.8 Chemical structure of Pentaflourophenyl methacrylate (PFM)

This monomer presents a similar structure to acrylic based monomers, but with the advantage of the
voluminous leaving group. Plasma polymerized films would produce labile pentafluorophenyl groups on the
surface, which would provide an optimum site for subsequent desired covalent amino-terminated biotin

binding, through the fast reaction with the voluminous leaving group (pentafluorophenol).

In this section the monomer was synthesized and after plasma grafted to the propylene surface.

PFM synthesis ®

Methacryloyl chloride (8 ml, 82 mmol) was added drop-wise to a stirred solution of pentafluorophenol (7.6 g,
41 mmol) and 2,6-dimethylpyridine (6.6 g, 62 mmol) in THF (100 ml) at 0°C (Figure 2.9). After 10 min stirring at
the same temperature, the precipitate was filtrated and washed with THF (50 ml). Afterwards solvent was
removed under reduced pressure, the PFM residue was purified by chromatography on a Florosil® column,

using pentane as eluent, and obtained as colorless oil (8.0 g, 85%). The monomer was stored at 4°C until use.

F F
Ho F 2,6-lutidi © F
al ,6-lutidine
+ v — o
o = F THF 0°C . .
F

F

I\/Irﬁth%cryloyl Pentafluorophenol Pentafluorophenyl methacrylate
chloride

Figure 2.9 Synthesis of PFM

The synthesis of the PFM followed a general synthetic pathway for acrylate derivatives with a yield of 85%
which represents a 2.5 fold increase compared to yields previously reported using p-cyclophane derivatives.’
Sterically hindered pyridine was used as proton acceptor to limit the extent of an undesired side reaction:

Michael addition of the pyridine to the acrylate. Moreover, an excess of the base was used to prevent the
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addition of hydrogen chloride to the activated double bond of the acrylate. The high basic pH of the 2,6-
lutidine compared to pyridine increased the extent of deprotonation of the phenol.®
The reaction’s product has been purified using a chromatographic column filled with Florosil®, obtaining a very

pure product, as the NMR spectra show (see Figure2.11).

The IR spectrum of the pure PFM, obtained using a Nicolet Magna 5600 spectrophotometer, showed some
characteristic bands, as presented in Figure 2.10. Bands in accordance with alkane C—H stretching absorptions
were present around 2950 cm™, while the band at 1764 cm™ indicated a carbonyl stretching absorption of a
carboxylate ester. Aromatic system stretching vibrations between 1625 and 1475 cm™ and typical bands for

C—F stretching around 1400-1000 cm™ could also be clearly distinguished in the spectrum.

Relative transmittance (%o)
_
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Figure 2.10 IR spectrum of pentaflurophenyl methacrylate
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Figure 2.11 (a) *H and (b) >C NMR spectra of synthesized PFM
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In addition, the NMR spectra (Figure 2.11) also confirmed the chemical structure of the synthesized monomer.
'H NMR and *C NMR spectra of PFM were determined in CDCl; as solvent on a Gemini 300 Varian. The proton
spectrum showed a decoupled signal at 6=2.03 ppm corresponding to the methyl group of the acrylated part
of PFM and two signals at 6=5.9 ppm and 6.4 ppm from protons in the cis and trans position within this
group. The carbon spectrum was set in accordance with those reported in the literature® with a signal at
162.910 ppm that reflected formation of the ester bond between the acrylate and the phenol, a signal at ca.
139.6 ppm showing the C—F bond in the ring, two signals at 133.626 and 129.786 ppm that illustrate the

presence of the double bond, and a signal at 18.272 ppm that reflects the presence of the CH; group.

PFM grafting

Once the influence of the different parameters was studied, two combinations were chosen to carry on the
grafting of the pentafluorophenyl methacrylate on the surface. The exposition’s time and the input power
were fixed at the ones that gave more evident changes: 60 min and 100 W.

The gases that were chosen were the ones that gave a major regularity in the hill-valley structure: argon and
the argon:oxygen mixture. Argon lead to surfaces with high order, but in the other hand promoted also active
sites with no specific chemical groups. Therefore, this gas was chosen as the activating gas. On the other hand,
it was also interesting to see if the effect of oxygen on the surface as it had a chemical etching side added to
the just physical etching process for the argon, leading to oxygenated reactive sites on the surface. For that
reason, the mixture of argon and oxygen was chosen.

The sample is in the reactor under continuous wave plasma at 100 W during 60 min. The pressure of the gas /
mixture of gases in the reactor was 0.2 mbar. Once the plasma was turned off, the monomer valve was
opened to let the PFM enter the reactor at a pressure of 0.25 mbar. The monomer stream was maintained
during 15 min.

Figure 2.12 presents the AFM images for both treatments. It can be observed that after the PFM grafting
process, the sub-structuring of the surface is still to be seen. In both cases, the profile before the PFM
exposure (see Figure 2.7) can be still seen. In the sample exposed to the argon treatment, the grafting process
increase lightly the roughness values, specially the maximum peaks, making clear a growth of some hills, as

presented in Table 2.4.
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Figure 2.12 Topography images and section profiles of polypropylene treated with different gases and posterior PFM

grafting

For the treatment with the mixture argon:oxygen, the roughness seem to decrease with the PFM grafting

perceptively. It may be due to the fact that the generated valleys can be covered with the new formed

polymer, reducing the hills height.

Table 2.4 Roughness values for polypropylene treated with different gases and PFM grafting

Ra (nm) Rg (nm)  Rmax (nm)

polypropylene 5 6 49

+ Ar 8 9 66

Grafting with PFM 9 11 95
+ Ar:0, 18 22 148
Grafting with PFM 12 15 106

The chemical nature of the surface was analyzed with ATR-FTIR. The spectra of the original polypropylene and

the PFM grafted polypropylene after Argon treatment are presented in Figure 2.13.

The spectra were mostly the same; the basic structure of the polypropylene can be observed by its
characteristic absorption bands. The bands between 2960 and 2850 cm™ are assigned to -CHs and -CH,-
asymmetric stretching vibrations. Around 1470-1430 cm™ appear the bands related to a C-H scissor vibration

from the -CH,-. The band at 1390-1370 cm™ is due to the CHs symmetric C-H deformation vibration.
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In addition, there is a new band appearing around 1000-1400 cm™, that corresponds to the C-F, groups
present in the PFM labile group. The appearance of the C-F, functionalities shows the retention of the

monomer's structure over the surface.

polypropylene
—— PFM grafted PP

Absorbance / a.u.
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Figure 2.13 ATR-FTIR spectra of polypropylene and PFM grafted polypropylene (Ar treatment)

The FTIR spectrum obtained by the PFM grafting over the argon:oxygen sample is very similar to the one
presented below, but the intensity of the C-F, groups is lower, revealing a lower presence of the groups on the
surface.

The ATR-FTIR spectrum in Figure 2.13 confirms that the deposited substance showed in the AFM pictures is
based on the pentafluorophenyl methacrylate structure. The presence of the C-F, groups illustrates the

retention of the labile group on the coating structure.

As expected, by using a grafting procedure, while using high power plasma, the basic structure of the
monomer has been retained over the surface. This structure retention was the aim of the grafting process, so
that the use of this labile group opens a way to link biomolecules of interest to the surface, via microcontact

printing.
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2.1.4 HUMAN ANTI-05-INTEGRINE IMMOBILIZATION

A high reactive surface was made by anchoring a pentafluorophenol ester to the surface. Therefore a plasma
grafting procedure with pentafluorophenol methacrylate was used. The platform to link any kind of interesting

molecule with an amino terminated group was prepared for following experiments.

The use a microcontact printing strategy to bind an amino terminated biotin was applied, in order to use a
biotin-streptavin-biotin bridge to bind the desired integrine.

The microcontact printing technique was used to immobilize molecules on surface easily. It used a stamp
previously designed by photolithography, as presented previously. The stamp used in these experiments had a
pattern with 100 um holes, that don’t come in contact with the surface, as presented in the 60x SEM picture

in Figure 2.14.

Figure 2.14 60x SEM picture of the stamp used for the pCP, with 100 pm holes

Biotin and Streptavidin linkage via microcontact printing

Following the protocol explained in the experimental section, the PDMS stamp was prepared with the amino
terminated biotin and placed in contact with the sample during 1 min. After this step, the sample was exposed
during 30 min to 2-(aminoethoxy)-ethanol and 10 min in Buffer A. Afterwards the sample was exposed to a

FTIC-conjugated streptavidin solution during 1h and rinsed with PBS.

Figure 2.15 presents the fluorescence micrographies for the different samples after the biotin uCP and the
application of fluorescent streptavidin. An original polypropylene sample was used as control sample, in front
of the previously prepared samples, PFM grafted polypropylene, one with argon as grafting gas and the

second one with argon:oxygen as grafting gas.
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(a) Polypropylene

(b) PFM grafted with Ar:0; (c) PFM grafted with Ar

Figure 2.15 10x pictures after FTIC streptavidin exposure for polypropylene and PFM grafted polypropylene

The picture in Figure 2.15 (a) presents the polypropylene surface exposed to the biotin-streptavidin protocol
without prior treatment. As it can be seen, there was no specific binding to the surface, as expected. The
polymer surface, by its own wasn’t capable of binding the proteins.

When using the pretreated surfaces, there is fluorescence to be seen. The FTIC-streptavin bonded zones
follow the pattern of the pCP printing stamp. These pictures of the surfaces demonstrate that the
microcontact procedure worked for the PFM grafted surface. The reaction between the pentafluorophenyl
ester surface and the amino terminated biotin is working within 1min, suggesting a strong and fast reaction.
Among both samples, it seems that the sample treated under argon as activating gas gave a better result in
the biotin and streptavidin binding. Therefore this surface was chosen to follow with the next experiments.

To ensure that the binding is a covalent binding and not only a physisorption, the sample was introduced
3 hours in a Buffer A solution, with PBS, BSA and Tween 20. The image is equivalent to the one achieved

before. The covalent binding was confirmed by this experience.
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Human anti- as-integrine immobilization

Once the linkage of biotin had been ensured by the previous step, the experiment was repeated, but using
non-labeled streptavidin. The sample was exposed to a biotin conjugated human anti-as-integrine solution
during 2h. To check the binding a secondary antibody, anti-mouse IgG, labeled with FITC solution in PBS (1:10)

was used.

Figure 2.16 10x micrograph of PFM grafted polypropylene after FTIC-anti-mouse-IgG

Figure 2.16 presents the surface after the anti-mouse IgG step. The pattern is still clearly recognizable.
Consequently, the linkage between the streptavidin and the anti-a5-integrine was linked to the surface
covalently.

The several reaction steps, verified by the fluorescent labeled conjugates, allowed the developing of a
bioactive surface. Stating with a PFM covered surface to a surface with the presence of an integrine, through a
well-known biotin-streptavidin ligand-receptor binding pair.

In union with the grafting procedure, this allowed to have a polymer surface converted in a surface prepared
for cell recognition. This was the aim of the study: a platform to promote cell adhesion. Therefore, the cell

adhesion step was checked by the next step.
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2.1.5 CELL ADHESION

A bioative surface had been developed in the preceding sections, starting from a commercial polypropylene.
The polymer had been exposed to a plasma grafting procedure using argon gas under 100 W continuous wave
plasma during 100W to activate the surface. Once the plasma was turned off, pentafluorophenyl methacrylate
vapor enters the reactor chamber, grafting to the surface and forming reactive sites containing
pentafluorophenyl esters groups. These sites were able to react a posteriori with amino-terminated biotin
through UCP. A biotin conjugated human-as-integrine was linked to the surface via a streptavidin bridge,

resulting in a bioative surface.

At this point it was important to check is cells were able to bind to this surface and recognize the previous
induced pattern. Therefore, cellular adhesion was done using endothelial cells, Human Saphenous Vein
Endothellial Cells (HVSaEC).

The first step to realize was determining the cell seeding density that would allow observing clearly the
pattern. The pattern should be observed clearly to establish if the cells were growing in the areas of interest. If
the seeding density was too low, the cells wouldn’t spread through the entire surface, making impossible to
distinguish pattern. On the other hand, if the seeding density was too high, cells could have migrated to the
holes in the pattern, even if that area wouldn’t be as good as the other one for them to grow.

The objective of this study was to determine if cells were able to adhere to the surface, therefore they were
only incubated during 4h at 37°C. This is the minimum time that cells need for surface’s adhesion. After this
time, cells were fixed following the protocol exposed in the experimental section.

A first try was done with a cell density of 150000 cells per sample, in EBM-2 without supplements, giving the
next picture presented in Figure 2.17. As it can be seen, cell seeding is too low, and the pattern cannot be

discerned properly.

Figure 2.17 10x micography of HVSaEC with 150000 cells per sample
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Doubling the cells density to 30000 cells per sample, repeating the same protocol, the results were enhanced.

As Figure 2.18 shows, cells cover the complete surface except the pattern holes.

Figure 2.18 10x micography of HVSaEC with 300000 cells per sample

The cells were adhering to the surface’s zone where the integrine was present, leaving the biotin free zones
empty. The uCP allowed modifying selectively the surface creating differentiated areas, where to reach cell

adhesion.
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2.1.6 SUMMARY

The plasma grafting process has been used successfully. The grafting process was done on a commercial
polypropylene film.

A first study over the different parameters in the etching process has been done, allowing the control of the
surface roughness. Roughness ranges from surfaces flattener than the original one to rougher ones have been
achieved by working at different input powers and exposure times. Certain regularity in the obtained surfaces
has been observed, and can be control with the use of different etching gases. The distance between hills can

be also controlled by this parameter.

PFM has been synthesized following a simple approach based on a general derivatization method for acrylates
with a yield of 85%.

After the etching process, the grafting of PFM has been done on the argon and argon:oxygen treated surfaces.
The structuring of the surface's topography is maintained, though the roughness parameters change slightly.
The chemical analysis of these surfaces shows the retention of the C-F, groups, indicating the maintenance of

the reactive groups of the monomer.

Microcontact printing has been used as reacting technique to bind amino terminated biotin to the PFM
grafted surfaces. Using a fluorescent labeled streptavidin allows recognizing a better union in the argon
treated surface. As the stamp pattern is better retained in this surface, it is used for the further experiments.

Human anti-as-integrine has been linked to the argon pretreated surface via an amino terminated biotin-
streptavidin-biotin bridge. Again, the stamp pattern is perfectly recognizable. This sample is used for cell
adhesion experiments. The cell seeding of endothelial cells shows adhesion to the surface after 4 hours

incubation.

In this section a cell adhesive surface has been designed from a non-attractive polymer surface. The plasma
grafting technique of a reactive containing monomer has been studied. The linking of interesting proteins to
this surface has allowed the cell adhesion on this surface.

This experience has served as first approach to the plasma grafting technique for the group, showing

promising results and opening new research ways for further works.
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2.2 PFM PLASMA POLYMERIZATION

The thin films obtained with commercially available monomers such as acrylic acid, allyl alcohol or allyl amine,
contain typically carboxylic, hydroxyl, or amino groups. These functionalities require an additional activation

step for linkage of proteins or ligands, which brings an extra undesirable working step to the procedure.***°

For that reason, the work of Lahann et al.* was a determining point as this stage. His group presented a highly
reactive surface, which reacted easily with proteins by a microcontact printing procedure. This surface
contained a pentafluorophenol ester, polymerized from [2.2]paracyclophane monomers by CVD techniques.
As these molecules have a complicated structure and synthesis, the proposal in this work was to synthesize a
molecule with the same highly reactive functional group, but with an easier basic structure,

pentafluorophenol methacrylate (PFM).

2.2.1 EXPERIMENTAL SECTION

Materials

1,7-octadiene (98%) and 1,4-butanediol divinyl ether (98%) were obtained from Aldrich (Germany). The
monomers and crosslinkers were used as supplied. PFM was used as synthesized in section 2.1.3.
Reactives for the biotin-Streptavin bridge linkage were purchased like in section 2.1.1. Anhydrous N,N-

Dimethylformamide (99.8%) and Ethanol were purchased in Aldrich (Germany).

Sample preparation

Substrates for AFM and XPS analyses were 100 oriented silicon wafers. They were sonicated in pure ethanol
and rinsed with ethanol several times. The samples were then introduced in the reactor to perform a deeper
cleaning procedure by an argon etching process. The Ar pressure was fixed at 0.6 mbar and the input power

was fixed at 60W. A continuous wave process was done for 10 min.

Plasma polymerization

PFM was introduced in the reactor through a needle valve system. It was preheated to reach the desired
polymerization pressure. The process pressure (0.3 mbar) and sample position within the reactor were

constant in all experiments. The deposition time, and the peak power were set individually for each
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experiment. The plasma polymers were deposited using continuous wave and pulsed plasma conditions, with
duty cycles (DC = ( ton/ tont torf ) of 1/2 with a frequency of 15 Hz (on-plasma time = 66ms) , and input powers
ranging from 10 to 20 W. Deposition times ranged from 1 to 8h.

PFM was also copolymerized with 1,7-octadiene and with 1,4-butanediol divinylether as crosslinkers, to
achieve a better crosslinking of the deposited films and so a better resistance to solvents.'**?

After polymerization, the samples were kept under monomer flow (without plasma) for another 15 minutes in
an attempt to deactivate any remaining reactive sites. They were then removed from the reaction chamber

and stored until further use. The reaction chamber was cleaned after each deposition using EtOH and a

cleaning procedure using a 60W argon plasma exposure for 10 minutes.

Film characterization

All thin films obtained were characterized by X-ray photoelectron spectroscopy (XPS) and atomic force
microscopy (AFM). Film thickness was used as a measure of growth rate and determined after 2 h deposition

using a Dektak 6M profilometer (Veeco, USA).

Further description of the analysis techniques used in this work is to be seen in the Appendix.

Solvent exposure

Once samples were polymerize, a solvent exposure was done to observe the polymers’ behaviour. The
solvents used were Milli-Q water, dimethylformamide, and a mixture dimethylformamide —ethanol in a ratio
1:9. Samples were placed in the solvent and stirred for 30 min to 2h in an orbital stirring device at 200 rpm.

After the stirring, samples were rinsed with the same kind of solvent and let dry under Nitrogen stream and

stored under argon atmosphere until further analysis.

2.2.2 POLYMERIZATIONS USING THE BARREL REACTOR

A series of experiments were performed using PFM as monomer in reactor 1, to try to achieve a highly

reactive surface by the presence of the leaving group pentafluorophenol.

All polymerizations were performed under pulsed plasma. The pulsed RF power setting was 10W. Deposition
time was fixed at 2h. PFM was used as synthesized. The monomer was preheated to reach the desired

polymerization pressure. The monomer flow rate was set so that the pressure within the reactor was
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0.2 mbar. PFM was also copolymerized with 1,7-octadiene and with 1,4-butanediol divinylether (see Figure

2.19) as crosslinkers, with a PFM/crosslinker ratio 1:3.

W /\O/v\/ov/

1,7-octadiene 1,4-Butanediol divinyl ether

Figure 2.19 Chemical structures of the two crosslinkers used

Table 2.5 presents the results of the XPS wide scan spectra from the PFM polymer and copolymers. The XPS
analyses revealed the presence of oxygen, carbon, fluorine, and nitrogen.
The amount of carbon was slightly higher in the copolymers than in the case of bare PFM, since the presence

of the two co-monomers that are formed mainly by a hydrocarbon structure.

The O/C ratios in all three cases is higher as expected, as it could be observe for all the polymers developed in
this reactor. The reasons have already been commented, indicating the presence of air in the reaction
chamber, giving rise to the oxygenated functionalities. A reaction between the film and the oxygen and water
desorbed from the walls of the plasma vessel, during and after the polymerization could also contributed to

the composition of the coating.*®"’

Table 2.5 XPS data of PFM polymers and copolymers

Monomers Atomic percentage Ratio
Cls Ols Fls N1s Theo Exp.
PFM 55.8 309 125 0.8 F/C 0.4 0.22

o/C 0.2 0.55

PFM-octadiene (1:3) 60.9 33.1 4.3 1.7 F/C 0.15 0.08
o/C 0.06 0.54

PFM-divynilether (1:3) 60.7 325 0.6 6.0 F/C 0.15 0.01
o/C 0.23 0.53

The F/C ratios show that the amount of Fluorine was always lower than expected. In the case of the PFM-
ether copolymer, the high loss of F amount indicates the possibility of different polymerization mechanisms
compared with the other polymerizations, indicating a possible loss of the aromatic ring during

polymerization. Due to the low amount of Fluorine present in this polymer, the data wasn’t analyzed further.
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Table 2.6 XPS C1s contributions

Groups Binding energy Cls contribution %

PFM PFM  PFM octa
c-C 285 eV 41+2 2144
C-C00 285.6 eV 8+1 1242
o C-O+C-CF 286.6 eV 2942 3243
© C-F 288.2 eV 14+3 194
coo 289.4 eV 8+3 1242
PFM + octa

T

T T

LI r—r T 17 Ii L
292 291 290 289 288 287 286 285 284 283

Binding energy / eV

Figure 2.20 XPS spectrum of PFM polymer and copolymers

The C1s core level signals, presented in Figure 2.20, were fitted on various oxygen-containing functionalities
and on fluorine-containing functionalities. Nitrogen functionalities were not considered, since nitrogen was
found only in limited amounts at the surface coating. Spectra were corrected for sample charging, setting the
hydrocarbon signal to 285.0 eV, and the position of the others centroids accordingly adjusted. The XPS survey
spectrum of the PFM polymer showed retention of fluorinated functionalities, but in levels below the
theoretical ones, probably caused by fragmentation of the monomer during the polymerization. The XPS C1s
spectrum of the polymer PFM showed the expected carbon environments such as C—R, COOR (R=C or H), and
C—F, each exhibiting a characteristic chemical shift, as presented in Table 2.6. The spectrum was fit with five
signals corresponding to hydrocarbon (C—C/H), set at 285.0 eV, an a-ester carbon (C-COOH/R) at 285.6 eV,
the ether carbon (C-O) and the a-carbon fluorinated carbon (C-CF) at 286.6 eV in an involving peak containing
two functionalities. The peaks of these functionalities are too near from each other to be distinguished. The

fluorinated carbon (C—F) is present at 288.2 eV and the carboxylate can be seen at 289.4 eV.
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The existence of other oxygen-containing functionalities in addition to carboxylates constituted a further
indication of monomer-oxygen reaction and fragmentation of the monomer in the plasma giving rise to the
formation of side products during polymerization. XPS spectra of the PFM copolymerization with the
octadiene showed the expected carbon environments, as in the previous polymer. This spectrum was fit again
with 5 peaks corresponding to the same functionalities as the PFM polymer.

The functionalities’ contributions show that the PFM polymer has a higher retention of the hydrocarbon chain
while the copolymer shows a higher oxidation of the chains. The retention of fluorinated functionality is much
lower in the deposited polymer of PFM than the theoretical one (50%) in regard to the monomer. On the
other hand, this changes in the case of the copolymer, where its theoretical value is near 15%. The
contribution of the C-F groups in this case is around 19%. Taking a look into the wide scan data, the fluorine
content of this polymer is still clearly under the expected values, what makes think of a possible overvalued C-
F peak in the deconvolution. Even so, this polymer presents the best structure achieved till the moment.

Again in all cases, the high contributions of oxygen-containing functionalities in addition to carboxylates
constituted a further indication of monomer-oxygen reaction and fragmentation of the monomer in the

plasma, giving rise to the formation of side products during polymerization.

The polymerization of PFM has been developed, under pulsed plasma regime at DC=1/2, showing retention of
the C-F groups in the surface. Comparable results have been achieved for the copolymer of PFM-octadiene,
while the retention of fluorine on the copolymer PFM-1,4-butandiol divynilether was nearly zero.

All samples presented a high content of oxygen in their atomic composition, as a high content in oxygenated
functionalities in the curve fitting of the Cls peak. These analyses support the previous results obtained for
the commercial monomers, showing the presence of air in the reactor chamber during the polymerization.
Once the polymer was achieved, even they didn’t present the best functional retention, they were used for
further biomolecules linking experiments. The molecule selected for this purpose was an amino-terminated
biotin, which is able to built a biotin-streptavidin-biotin bridge, opening a platform for further cell attachment

through linkage of biological ligands specific for cell-substrate interactions

pp-PFM reactivity: Biotin linkage

Thin films previously obtained by polymerization of PFM and octadiene/PFM were immersed for 2 h while
shaking in a 10x10> M solution of (p)-biotinyl-3,6,9-trioxaundecanediamine in Milli-Q water. Subsequently,
samples were washed for 30 min in buffer A consisting of PBS with 0.02% (v/v) Tween 20 and 0.1% (w/v) BSA.
The detergent Tween 20 is a blocking agent composed of polyoxyethylene sorbitan monostearate that
preferentially adsorbs to the background. It was used to wash away noncovalently bound biotin and to avoid

non-specific adsorption of streptavidin.®
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Then, samples were immersed for 1 h in in a 10x10® M solution of fluorescein-conjugated streptavidin in
buffer A while shaking. The surfaces were rinsed several times with PBS before examination done using an
epifluorescence microscope (Nikkon, New York). The streptavidin is labeled with a fluorescent die (in our case
fluorescein 50-isothiocyanate (FITC)) which emits fluorescent light when excited at a certain wavelength.

Therefore, if the streptavidin is bonded to the biotin, it can be shown that by irradiating the sample at the
characteristic wavelength of the fluorescent die. The emission of fluorescence by the sample indicates the
presence of the biotinstreptavidin complex. In an epifluorescence microscope both the excitation and
emission light travel through the objective. The key to the optics in an epifluorescence microscope is the
separation of the illumination (excitation) light from the fluorescence emission emanating from the sample. In
order to obtain either an image of the emission without excessive background illumination, or a measurement
of the fluorescence emission without background ““noise”, the optical elements used to separate these two

light components must be very efficient.

Figure 2.21 Fluorescent micrography of control silicon wafer against PFM:octadiene polymer after streptavidin linkage

A control sample (non-treated silicon wafer, Figure 2.21 left) and PFM/octadiene-activated surfaces (Figure
2.21 right) were exposed to a solution of fluorescein-conjugated streptavidin for microscopic fluorescence
detection. Compared to control sample, PFM/octadiene-activated surfaces effectively bound biotin, allowing
self-assembly of streptavidin, as shown by the fluorescence detection. This procedure establishes the basis for
further attachment of other biotinylated biomolecules that enable control of cell attachment and

proliferation.
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2.2.3 SUMMARY

PFM, the derivatized methacrylate has been successfully used as monomer for plasma polymerization with the
presence of the labile ester groups remained on the functionalized surfaces.

PFM has been successfully copolymerized with 1,7-octadiene as cross-linker to improve the solvent resistance
of the resulting deposited thin films. XPS analysis confirmed that labile ester groups remained on the
functionalized surfaces. Such active esters enabled a fast reaction with amino-PEG biotin and subsequent self-
assembly of streptavidin, a well-established platform for further immobilization of biomolecules that promote
substrate-cell interaction. Merging the versatility of plasma polymerization processes, via simple monomers
and easy reaction conditions, with biological platforms that enable guidance of cell adhesion brings us closer
to the ultimate goal of controlling cell function through structured surfaces for their application in tissue
engineering.

The use of PFM at this stage of the research was a promising way to choose. In perspective, at the end of this
work, it has been revealed as a very interesting platform, not only for this group, but also for other

researchers.™®
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2.3 POLYMERIZATION OF OTHER MONOMERS

Another approach was based on the use of some commercially available monomers for the funtionalization of
the surfaces. The monomers were thought to have simple structures containing double bonds and with a low
molecular weight. Monomers as acrylic acid, allyl alcohol, 1,2-diaminocyclohexane and acryloyl chloride were
used (see Figure 2.22). Due to the lack of relevant results, data of these polymerizations is not presented in

this text.

/\H/OH /\/OH

o)

acrylic acid allyl alcohol

NH,

NH,

A(CI

O

acryloyl chloride 1, 2-diaminoyclohexane
Figure 2.22 Monomers and crosslinkers’ chemical structures

As a summary of the experiments realized, the related work in this section is centered on the polymerization
of commercial available monomers such as acrylic acid or allyl alcohol.

The polymerizations of acrylic acid and allyl alcohol have been done under continuous wave and pulsed
plasma conditions. The co-polymerization with 1,7-octadiene or 1,4-butandiol divinylether have been
developed. The retention of the respective functional groups has been achieved, but the existence of oxygen
during the plasma polymerization raises the presence of oxygenated side groups.

Other monomers, like 1.2-diaminocyclohexane and acryloyl chloride haven't yield to the expected polymers.
When working with acryloyl chloride, a high CI/C ratio was retained, but also a high presence of oxygen
indicates the high content of oxygen containing functionalities. For 1,2-diaminocyclohexane, it hasn’t been

possible to find the ideal conditions to polymerize the monomer.

The work with these monomers has been one of the first approaches to plasma polymerization for the group
in the 1QS, enlarging our knowledge and experience, and revealing the defects of our polymerization system.
This will help us in the future to built better equipments and achieve a better control over the plasma

conditions.
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Working with an adapted reactor, even in non-convenient conditions (because of the reactor's
characteristics), polymers have been synthesized, and a great learning approach has been done within the
group.

The unsuitable geometry or the presence of leaks of this reactor isn’t efficient for the plasma polymerization.
Therefore, the rest of the research will be performed in the other reactors, system 1 and system 2, already

presented in Chapter 1, section 1.5.
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2.4 CONCLUDING REMARKS

In this chapter, plasma surface modifications techniques have been studied. A first approach to plasma

polymerization and to plasma grafting was developed.

A control on the surface's characteristics has been achieved. It has been possible to graft the PFM to the
surfaces, and the linkage of interesting proteins has been done through its reactive side group. Through these
proteins, the cell adhesion of endothelial cells is a reality.

The grafting procedures used in this work show promising results and open new research lines to be explored.
In this chapter, the development of active surface has been achieved, even working in the less attractive
conditions. From now on, the improvement of these conditions will be explored to achieve better coatings. As
the PFM film presents promising results, a deeper study will be performed on its polymerization, structure and

better understanding of its reactivity.

Working within an adapted reactor, originally designed for restoration purposes and therefore with a big
volume inside the chamber, it has been possible to polymerize commercial monomers, as acrylic acid or allyl
alcohol, as well as a non-commercial monomer at that time, pentafluorophenyl methacrylate. This monomer
has also been synthesized for this use. Even in non-convenient conditions (because of the reactor's
characteristics), polymers have been synthesized, and by this development, a great learning approach has

been done within the group.

Among these polymers, the PFM polymer shows promising results in the linkage of amino terminated
molecules of interest. The polymer presents the same linking group as the one presented by Lahann et al., but

with a monomer’s easier structure.

By the end of this chapter, the preliminary question about if PFM is a plasma polymerizable monomer has
been answered with a positive response. It has been possible to retain the functionality in order to attach
molecules of interest. Hence, a deeper study in this kind of polymer, its structure and reactivity is strongly

recommended and will be done in the next chapter.
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PFM THIN FILMS

3.1 INTRODUCTION

In the previous chapters, plasma polymerization has been presented as a suitable technique for the tailoring
of surfaces, in order to achieve the retention of functionalities in the developed films. After demonstrating
that pentafluorophenyl methacrylate presents an appropriate structure to be polymerized with these

techniques, a deeper study of this polymer was required.

In this chapter the research was centered in developing this plasma PFM polymer, whose structure retains the
pentafluorophenyl labile group. The reactor used in chapter 2 presented a series of defects that hindered the
further development of the films. Therefore, for the advanced developing of the PFM polymer with a higher
control over its chemical structure, two new systems are employed at this point of the research. These
systems present a configuration that permits a control over the plasma conditions, and so a better control

over the polymer’s structure.

The first one (System 1) was used to develop the PFM film with a known and controlled structure. The
variation of the radio frequency duty cycle showed its influence on the chemical structure on the polymer
obtained.

Once this was realized, it was important to check if it was possible to polymerize PFM films with similar
chemical structures with independence of the plasma polymerization system. Therefore a second system was
tested. This was a reactor (System 2), which required a different configuration. Both reactors were described

in Chapter 1, sectionl.5.

Plasma polymerised pentafluorophenyl methacrylate (pp-PFM) offers a highly reactive ester group that can
potentially be used to react with the amino groups on proteins, e.g. integrins and other biological ligands." The
interaction of biological molecules with reactive surfaces always occurs in an aqueous environment and often
in the presence of other, possibly competing fluid components. In order to achieve a fundamental
understanding of the chemical reactivity of the pp-PFM surface towards proteins, the present chapter

investigates the basic reaction of the perfluoroester group with a simple amine using FTIR, XPS, Tof-SIMS and
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Surface Plasmon Resonance Spectroscopy. This was done by reacting the surface with a primary amine or a
peptide in aqueous buffer solution (PBS) after different immersion times in pure buffer.
After the peptide link to the surface was demonstrated, a first approach to neuron cell culture was done, in

order to test the viability of the coated surfaces in contact with cells, for further development.
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3.2 EXPERIMENTAL SECTION

Materials

For all the polymerizations in system 1, pentafluorophenyl methacrylate (98%) was purchased from
Polysciences Europe GmbH (Germany) and freeze dried three times to remove excess adsorbed gases. It was
not purified further.

For the polymerizations in system 2, pentafluorophenyl methacrylate (98%) was purchased from Apollo
Scientific (United Kingdom) and freeze dried three times to remove excess adsorbed gases. It was not purified
further. 2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane (~7 ethylene glycol units) was purchased from
ABCR (Germany).

Immunoglobulin from sheep serum (IgG) (95%), bovine serum albumin (BSA), 1,6-diaminohexane (99%),
(Cys0) - Laminin A (2091-2108) and phosphate buffered saline tablets (PBS) were purchased from Sigma
(Germany). The solutions were prepared freshly before each experiment.

Sterile cell culture Petri dishes were purchased from Nunc GmbH & Co. KG (Germany). P19 cells were
purchased from ATCC (Manassas, USA). MEM o medium with L-Glutamine, MEM amino acid without
glutamine, MEM vitamins and fetal bovine serum were purchased from PAA Laboratories (Austria). New born

calf serum and Trypsin 2.5% (10X) in PBS were purchased from Invitrogen (USA).

Sample preparation

For samples used in system 1, substrates for FTIR in the reflection mode were glass slides coated with 80 nm
Gold using a thin chromium layer (1.5 nm) to assist adhesion. Substrates for XPS were glass slides with 1.5nm
Cr and 20nm Gold. High refractive index LaSFN9 glass (n = 1.9 at A = 633 nm), required for SPR measurements,
was purchased from Hellma Optik, Jena, Germany. Chromium (1.5 nm) and gold (50 nm) were thermally
evaporated onto the LaSFN9 glass slides and used as substrates for SPR measurements.

To ensure optimum adhesion of the plasma polymer on the gold-coated substrates in this work a monolayer
consisting of a 1-hexanethiol was self-assembled on the substrates before plasma polymerization.

The glass substrates were sonicated twice in Helmanex for 15 min, rinsed in milli-Q water, sonicated in
absolute ethanol for 15 min, and finally dried with dry N2. The gold coatings were prepared in a Edwards
Thermal Evaporator | (Auto306 — FL400) at a pressure of 10 mbar using 99.9% purity gold (Degussa, Hanau,
Germany). A 1.5 nm chromium layer was deposited to act as an adhesion layer between the glass and the
gold. The thickness of the gold layer was typically 80 nm. A 10 mM 1-hexanethiol in ethanol solution with
several hours immersion was used for depositing the SAMs.
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For samples in system 2, substrates for XPS and ToF-SIMs analysis were silicon wafers functionalized with an
adhesion layer consisting of a 2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane self assembled layer.

The silicon substrates were introduced in a solution of ammonium hydroxide and hydrogen peroxide in milli-Q
water (1:1:5). The beaker was heated to 80 °C in a water bath. When this temperature was reached, the
system was kept 10 min at this temperature. The temperature should not exceed 81 °C. After 10 minutes, the
system was allowed to cool down. When the temperature reached 50°C, the solution was half diluted eight
times, and then rinsed twice with milli-Q water. The samples in water were then sonicated for 15 min, rinsed
in milli-Q water, sonicated in a solution of chlorhidric acid/water (1:1) for 15 min. Following this the solution
was rinsed again eight times with pure water. After that, samples were then sonicated in a methanol, a
mixture of methanol/chloroform (1:1) and pure chloroform for 5 minutes each time. A 3mM PEG-silane
solution in dry toluene with 0.8 ml of HCl.,./L was prepared, and the samples introduced in it for 18h at room
temperature. After this the samples were sonicated again in chloroform, chloroform-methanol mixture and

methanol during 5 min each. The wafers were finally dried with dry N2.%%*

Plasma polymerization

For films developed in system 1: the substrates were placed in a glass substrate holder in the centre of the
reaction chamber between the two electrodes. Monomer flow, process pressure (0.2 mbar) and sample
position within the reactor were constant in all experiments. The deposition time, plasma-on time, plasma-off

time and the peak power were set individually for each experiment. The plasma polymers were deposited

using continuous wave and pulsed plasma conditions, with duty cycles (DC = %) ranging from 2/4 to
on of f

1/101ms at input powers ranging from 10 to 150 W.

After polymerization, the samples were kept under monomer flow (without plasma) for another 15 minutes in
an attempt to deactivate any remaining reactive sites. They were then removed from the reaction chamber
and stored under Argon until further use. The reaction chamber was cleaned after each deposition using a

100W argon/oxygen plasma exposure for 30 minutes.

For the films developed in system 2: the substrates were placed on a glass substrate holder along the reaction
chamber. Monomer flow and process pressure (0.2 mbar) and the plasma-on time for the pulsed plasma were
constant in all experiments. The deposition time, plasma-off time, the peak power and sample position were
set individually for each experiment. The plasma polymers were deposited using continuous wave and pulsed
plasma conditions, with duty cycles ranging from 10/20 to 10/210 ms at 50W input power, during 10 min.

After polymerization, the same procedure as in system 1 was applied.
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Table 3.1 Summary of experimental parameters for the development of the films and the surface reactivity polymers

Deposition time Plasma-on time Plasma-off time Peak power
Film development
System 1 variable 1-10 ms 0-100 ms 10-150 W
System 2 10 min 10 ms 0-200 ms 50w
Surface reactivity
System 1 2 min 2ms 50 ms 50W
System 2 10 min 10 ms 100 ms 50w

For the surface reactivity experiments, two sorts of polymerization were performed, depending on the system
used. In system 1, the fixed parameters remained constant, while the others were fixe as explained in the
table. In system 2, the substrates are placed in a glass substrate holder in position 4 (see Figure 3.11) while the

rest of the parameters are reflexed in Table 3.1.

Surface reactivity

Surface reactivity of the plasma polymerized active ester was studied using:
(@) 0.01Mm PBS,
(b) 10mM solution of 1,6-diaminohexane in 0.01M PBS
(c) 1mg/ml Immunoglobulin (sheep IgG) in 0.01M PBS
(d) 1mg/ml (Cys0) - Laminin A in 0.02% (v/v) Tween 20 detergent 0.01M PBS

Because of the high reactivity of the films great care was taken to minimize the exposure of the surfaces to air.
Thus, the film deposition, surface analysis and SPR were generally performed on the same day keeping storage
times as low as possible. Exposure to air was, however, unavoidable in all cases.

Reactions kinetic FT-IR analyses were performed off-line, introducing the samples in the correspondent
solution for the different times. After the desired time, the sample was removed from the solution and rinsed
several times with Milli-Q water. The sample was then dried with a nitrogen stream and analyzed. After
analysis, the same sample was studied further.

For the comparative XPS and ToF-SIMS studies, different samples were used for the kinetic experiments, due
to the long time required for analysis. Samples were again introduced in the desired solution, after the
decided time, they were removed and rinsed with Milli-Q water. They were then dried with a nitrogen stream

and stored under Argon till analysis.
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Cell culture experiments

For the cell culture samples, the sterile polystyrene petri dishes were introduced in the plasma reactor in
system 1, under argon stream. They are opened in the plasma reactor under argon atmosphere exposing the
inner side to the environment. Bigger glass Petri dishes presterilized with 70% ethanol are also introduced in
the reactor, doing the same protocol.

A sterilization of the dishes was done under plasma treatment, as discussed later in section 3.6.1. Plasma
etching with an argon/oxygen (90/10) mixture was performed during 10 min at 50W under continuous wave.
After the etching time, the argon/oxygen flow was stopped, and the monomer inlet was opened to the usual
working pressure of 0.2mbar. The deposition time was fixed at 2 min, plasma-on time to 2 ms, plasma-off time
to 50 ms and the peak power was set to 50 W, as developed previously in section 2.4.

The samples were removed from the reaction chamber with special care. The polystyrene dishes are closed
inside the reactor under argon stream. Then they are placed inside the glass dishes that are again closed in the
argon atmosphere. These are closed with parafilm and stored carefully until further use.

Reference samples without polymer are prepared in the same way, skipping the polymerization step, but with
the sterilization process.

Once the glass petri dishes were sterilized from the outside with 70% Ethanol, they were introduced in the
laminar flow fume hood, and opened to work with the sterile polystyrene modified dishes.

Samples (polymerized and reference ones) were then exposed to a 10ug/ml (Cys0O) - Laminin A (2091-2108)

solution in PBS at 37°C for 1 hour and then rinsed with Milli-Q water.

Four different samples were prepared:

1. Plasma polymerized cell culture dish + Laminin coat (10ug/ml) - P/LC

2. Plasma polymerized cell culture dish - P/NLC
3. Cell culture dish surface + Laminin coat (10ug/ml) - NP/LC
4. Cell culture dish surface - NP/NLC

Growth and maintenance of P19 cells in culture

P19 embryonic carcinoma derived neurons culture must be maintained in the exponential growth phase. P19
cells grow rapidly with a generation time of 12-14hrs.
1. Cells were cultured in an a-modified form of Eagle’s minimal essential medium (MEM) supplemented

with 7.5% (v/v) calf serum and 2.5% (v/v) fetal bovine serum.
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For 500ml
a. 37.5mlCSand12.5 ml FBS
b. MEM amino acid solution, without glutamine
i. Stock 50X concentration — 10ml in 500mI medium
c.  MEM vitamins (100X)
i. 5mlin 500m| medium
2. P19 cells are subcultured at intervals of 48 hours or less in order to maintain continuous exponential
proliferation. Rinse the culture with Ca** and Mg* free PBS.
3. Add Trypsin-EDTA solution: 1mM EDTA + 0.025% (w/v) trypsin in PBS for a few minutes or until the
cultures are seen detaching.
4. Centrifuge the cell suspension at 1000rpm for a few minutes.
5. 1 culture flask can be approximately expanded into 3-5 flasks.
Cells were seeded on all samples at the same cell density (40000 cells/cm?) and were maintained in cell

culture petri dishes with the modified cell culture surface.

Cells were followed with an Olympus IX70 Microscope.

Film characterization

The film composition of the plasma polymerized films in system 1 was studied by FTIR and XPS Spectroscopy.
Film thickness measurements were obtained using a Tencor Alpha Step 200 profilometer, using a metal needle
to scratch the polymer deposited on silicon wafers. The film thickness was calculated as the average of
measurements at six different position of each sample in different scratches.

For the polymers developed in system 2, the film compositions of the plasma polymerized films were studied
by XPS Spectroscopy and ToF-SIMS spectrometry.

Surface Plasmon Resonance spectroscopy was carried out on a home built spectrometer equipped with a
Teflon reaction cell. The SPR data in this work is only used to measure relative differences and to determine

correlations to FTIR and XPS data.

Further description of the analysis techniques used in this work is to be seen in the Appendix.
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3.3 INFLUENCE OF THE PLASMA PARAMETERS ON THE FILM CHEMISTRY

The chemistry of the polymer deposited is a key point in this research. To achieve a surface that reacts easily
with amino terminated molecules, pentafluorophenyl methacrylate was chosen as monomer. A preliminary

study of the plasma parameters was performed to investigate their influence on the resulting film chemistry.

3.3.1 INFLUENCE OF THE INPUT POWER UNDER CONTINUOUS WAVE CONDITIONS

A number of continuous wave plasma processes were carried out to study the influence of the input power on
the film chemistry.

Figure 3.3 and Table 3.2 presents the monomer’s FTIR spectrum and a summary of the wavenumbers assigned
to characteristic functional groups that can be expected from a PFM monomer. Characteristic bands in the

same positions are expected to appear in the PFM polymer.

Absorbance [a.u.]

N

T T T T T T
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Figure 3.1 FTIR spectrum of the PFM monomer

The FTIR spectra are dominated by four major domains in this kind of polymer. These four main absorption
bands can be associated with carbonyl groups —0—C=0 (1750 cm™) linked to phenyl rings, a sharp and high

intensity band as a result of the fluorinated phenyl rings (1525cm™), various bands assigned to different C—F
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stretching modes (1100-1400cm™), and a last band corresponding to the C-F stretch, by the deformation if the

benzene type ring (995 cm™).

Table 3.2 FTIR absorption assighments®**

frequency / cm? assignment
995 C-F stretch, deformation of benzene type ring
1000-1400 C-Fx (x=1-3)
1493 in- plane phenyl ring bending mode
1510 C- F stretch, deformation of benzene type ring
1750 C=0 stretch, associated to phenylesters

It must be noted however that the functional groups listed above are not complete. The side groups of the
polymer that lie on the normal direction to the surface are the ones that give bigger signals in the grazing
angle spectroscopy (see Appendix for further details), and groups lying on the surface become invisible for this
technique. Therefore there are no signals expected for the basic CH chain.

Plasma polymerized PFM contains also many other groups that are not directly associated with the monomer.
These can be formed by many combinations of monomer fragmentation in the reactor during deposition.

However these are groups with a low presence, and therefore not present in the table.
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Figure 3.2 FT-IR reflection spectra and static water contact angle measurements as a function of the rf power for the
continuous wave plasma deposition
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As it can be seen in Figure 3.2, under continuous wave conditions, at 150W it can be seen that relatively little
fluorinated phenyl groups are present in the polymer, whereas carboxyl groups are fairly abundant. The
carboxylic acid groups can be recognized centered around 3300 cm™. The contact angle of 0 = 45.4° showed a
hydrophilic rather than a hydrophobic surface, as might be expected from fluorinated groups. Decreasing the
input energy from 150W to 10 W for the continuous wave process lead to an increase in the contact angle to
75.4° + 2°, with the FTIR showing an increase in the intensity of the fluorinated phenyl group at 1525 cm™
under these conditions. A small contribution around 2260 cm™ can be attributed to a triple CC bond that could
be formed during the polymerization.

The influence of the power input is clearly demonstrated by the different chemical structures of the polymers
obtained at each power, in Figure 3.2. Although it is difficult to discern between the factors that cause these
influence on the composition, the differences in the formation of the films at high or low power can be
explained by several factors, as surface ion bombardment, vacuum UV photodecompositions or substrate
heating, among others. At high CW power conditions, the substrate becomes negatively charged. This
potential enhances high-energy collisions of positively charged particles in the plasma with the surface. This is
believed to lead to ablation processes, which have a negative effect on the deposition rate.**** Another
important factor is the photoirradiation, especially of ultraviolet to vacuum UV, which could penetrate deep

I 14,15

into the substrate exposed. The net effect is more damaging than beneficia Finally, the substrate

1817 1n addition, the constant ion

temperature may influence the film chemistry during polymerization.
bombardment leads to trapped radicals within the material which can undergo subsequent reactions with

surface polymer layers. '8

It has been confirmed that the structure of the polymers retains more functionalities as the power decreases.
Even so, a further study on the pulsed plasma is performed in the next section, to investigate its influence on
the chemical composition of the film.

3.3.2 PULSED PLASMA: INFLUENCE OF THE PULSE PERIODS

A series of pulsed plasma experiments are performed with the monomer, in which the plasma off-time or the

plasma on-time was varied while the rest of the parameters were kept constant. The equivalent power will be

used to make all pulsed plasma experiments comparables to the tests done under continuous wave.
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Experiments time-off variable:

During these experiments, plasma-on time and Ppe, were fixed at 2ms and 50W, respectively. The plasma-off
times were varying from 2 to 100 ms. The distance between the electrodes was fixed at 13 cm.

Figure 3.3 shows the changes in chemical structure on the FTIR spectra and in water contact angle as a
function of the equivalent power. At first glance over the FTIR spectra, the structures achieved under pulsed
regime show a higher retention of the fluorinated ring than the polymers obtained by continuous regime (see
Figure 3.2). As the equivalent power decreases, the retention is even higher leading to a maximum by working
at DC=2/52. A good retention over the ester group is also to be observed. It seems looking over the structures,
that working at DC=2/102 could give good retentions of the monomer structure. Nevertheless it has to be
remarked, that working at such duty cycle is difficult, due to the instability of the plasma under such
conditions. The results of the water contact angle corroborate the hypothesis of the higher group retention by
decreasing the equivalent power and increasing the plasma-off period. The water contact angle increased
from 71.4° by working at 2 ms plasma-off time to reach a maximum of 98.6° when applying 50 ms plasma-off
time, which indicates a hydrophobic fluorine rich surface. An increase of the tqs to 100 ms shows a decrease in

the water contact angle to 89.8°.
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Figure 3.3 FT-IR reflection spectra and static water contact angle measurements as a function of the equivalent power
for the pulsed plasma deposition by variable time-off

During the plasma-off periods, many of the reactive species formed during the plasma-on times disappear;

allowing the film to grow under less energetic conditions, and so permitting surface reactions between
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residual free radicals and surface polymer layers.” Also some of the factors that could influence the
composition like ion bombardment due to the negative sample charging or photoirradiation disappear at this
point, and benefit film growth."> *°

Retention of the functionalities implies that in the plasma deposition, there is a process by which monomer
incorporates into the growing film by a mechanism of radical polymerization akin to that encourtered in
conventional polymerization which is favored at low power.*

The reach of a maximum by certain given conditions was previously observed by some authors.”**®?! A further
increase in the plasma-off time did not lead to any further improvement in the film chemistry in terms of the
retention of the labile group. The instability of the plasma under such conditions is related to it. This could be
explained by a complete disappearance of charge carriers from the reactor gas, which has a negative influence

on the coupling of the subsequent plasma-on pulse.’>*

Experiments varying time-on:

For these experiments, plasma-off time and Ppe, were fixed at 50ms and 50W, correspondingly. The plasma-
on times were changing from 1 to 10 ms.

Figure 3.4 presents the FTIR spectra and water contact angle changes for this series of experiments. For the
variable plasma-on time experiments, a similar behavior as the plasma-off time tests is to be seen. As the
equivalent power decreased, the intensityof the peak corresponding to the perfluorinated ring and the
fluorine groups increased in the FTIR spectra. Again a maximum was reached at a DC 2/52, though the spectra
at DC 2/52 and 1/51 are alike. When looking at the water angle contact values, this tendency is present also.
The water contact angle was about 79.3° when working with t,,=10ms, rises to 84.4° at t,,=5ms, and reaches
again a maximum when working at t,,=2ms. But it gets clear that the decrease of the plasma-on time to 1ms
leads to the loss of the hydrophobicity, reaching a value of 87.3°, and so of the monomer’s fluorinated

groups,as can be read in Table 3.3 and seen in Figure 3.4.

Table 3.3 Static water contact angle values as a function of the equivalent power for the pulsed plasma deposition by

variable time-on

ton Equivalent Power | Contact angle
10 ms 8W 79.3°
5ms 45W 84.4°
2ms 19w 98.6°
1ms 1w 87.3°
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Figure 3.4 FT-IR reflection spectra and static water contact angle measurements as a function of the equivalent power
for the pulsed plasma deposition by variable time-on

Again, the ablation processes that appeared during the continuous wave processes are reduced while working
with pulsed plasma. By reducing the plasma-on time, and so there is a larger extent of the monomer’s
funtionalization retained.

Another factor that appears clearly by the introduction of the pulse is the equivalent power, that allows the
good stabilization of the plasma in a greater extent even working at low equivalent powers, that was not
achievable to be applied under continuous wave. This permits the polymerization under soft conditions,

improving the monomer’s structure retention.

3.3.3 COMBINING ALL PARAMETERS TO ACHIEVE THE BEST STRUCTURE

Surface analysis of the pp-PFM films deposited at different process conditions has once again shown that the
film chemistry obtained is dependent on the duty cycle and the equivalent power used during the
deposition.”® Thus, continuous wave plasma processes led to films showing much less functional group
retention than the low power deposits and the pulsed plasma deposited layers.

By combining all the parameters studied till now, a comparison of the effect of the different parameters is

possible.

Figure 3.5 FTIR spectra and static water contact angle measurements of PFM plasma polymerized under

different process conditions shows the FTIR spectra of pp-PFM films in order of decreasing input power (Piqput),
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which corresponds to an equivalent power for the pulsed plasma deposited layers. The FTIR spectra are
dominated by three main absorption bands; these can be associated with carbonyl groups —O-C=0
(1730 cm™), a sharp and high intensity band as a result of the fluorinated phenyl rings (1525 cm™) and a broad
band encompassing different C—F stretching modes (1000-1400 cm™). Under continuous wave conditions it
can be seen that relatively little fluorinated phenyl groups are present in the polymer, whereas carboxyl
groups are fairly abundant. This is also seen in the contact angle of 6 = 45.4°, showing a hydrophilic rather

than a hydrophobic surface.
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Figure 3.5 FTIR spectra and static water contact angle measurements of PFM plasma polymerized under different
process conditions

Decreasing the input energy from 150W to 10 W for the continuous wave process leads to an increase in the
contact angle to 75.4° & 2, with the FTIR showing an increase in the intensity of the fluorinated phenyl group
at 1525 cm™ under these conditions. When introducing a low duty cycle of 2/52 (Peq= 1.9 W) excellent
structural retention can be achieved, as seen by the high relative intensity of the sharp symmetric peak at
1525 cm™ and the contact angle of 98.6° + 1.5° indicating a hydrophobic, fluorine rich surface. A further
decrease in the duty cycle (Pe, 0.5 W) did not lead to further improvement in the film properties while the
deposition rate was unacceptably low and the plasma unstable. By taking a look at the X-ray photoelectron
spectra (Figure 3.6), in accordance with the FTIR results, we can see how the profile of the C1s high resolution

peak changes when applying different power.
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Figure 3.6 XPS spectra of PFM plasma polymerized under different process conditions

When deposited under cw conditions the C 1s spectrum showed a very broad unsymmetrical C 1s peak
suggesting a variety of different C-O and C-F functional groups. When deposited using a duty cycle of 2/52 at
50 W input power (Peq = 1.9 W), the C 1s peak shows two very distinct peaks with a low intensity, high energy
shoulder. This appears to be lost when the duty cycle is decreased further. C 1s peak deconvolution for the
film deposited under optimum conditions allows for at least five peaks to be fitted under the experimental
curve as shown in detail later in Figure 3.8. In Table 3.4 the atomic composition from de XPS data of the

different samples is presented.

All samples present the same atomic composition based on Carbon, Oxygen, Fluorine and Nitrogen. But their
percentage changes dramatically as the power decreases. The fluorine content increases reaching a maximum
for the sample polymerized under 1.9 W equivalent power. The Oxygen and Nitrogen decrease at the same
time. Nitrogen was not expected to appear in the polymer’s composition, as it isn’t present in the monomer’s
structure. It's presence in the final film is probably due to the presence of a small leak in the reactor chamber,
allowing the entrance of a small part of nitrogen inside the reactor. At this point the F/C and O/C ratios are
near to the theoretical ratios corresponding to the monomer. When reducing the equivalent power, no
further improvement was observed in the experimental ratios, rather an increase of the nitrogen value was

observed, while F/C and O/C ratios move away from the theoretical ones.
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Table 3.4 XPS data of the polymers resulting of the deposition at different conditions

Peq Atomic percentage Ratio

Cis O1s Fis N1s F/C o/C
150W  52.24 21.73 4.88 21.16 0.09 0.42
50w  50.23 18.43  15.82 15.52 0.31 0.37
25W 5430 1795 18.19 9.56 0.33 0.33
10w 5539 17.11 17.89 9.62 0.32 0.31
19w 59.18 10.09 28.96 1.77 0.49 0.17
0.5W 55.62 13.82 24.78 5.74 0.44 0.25

Theoretical values 0.5 0.2

The different analysis techniques have showed a growing tendency on the group’s retention with decreasing
the equivalent power applied by a duty cycle variation, as has already been reported for other monomers.**
Thus, for this particular monomer only a small range of process parameters provide optimum functional group

retention.

After this window of experimental conditions had been determined, no further work was performed to study

the reaction mechanisms for the deposition.

Once the best conditions for retaining the structure during the polymerization have been determined, fixing

them at 50W power input, and DC = 2/52, the resulting structure was characterized with accuracy.

Figure 3.7 presents the detailed FTIR spectrum of the polymer achieved by working under such conditions. It is
characterized by the three main absorption bands described before (see Table 3.2); these can be associated
with carbonyl groups —0-C=0 (1730 cm™), a sharp and high intensity band as a result of the fluorinated phenyl

rings (1525 cm™) and a broad band encompassing different C—F stretching modes (1000-1400 cm™).
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The C 1s peak in Figure 3.8 can be deconvoluted into a minimum of 5 individual peak components at binding
energies of 285 eV, 286.2 eV, 288.2 eV, 289.4 eV and 294.6 eV corresponding to C-C, C-CF and C-O, C-F, O-C=0

and a t—* shake up satellite, respectively. >*%?>%

The low binding energy peak represents C-C from the hydrocarbon backbone. The low intensity peak at
286.2 eV can be associated with carbon in C-O and C-CF groups. The peak centered around 288.2 eV
represents the aromatic C-F bonds, while the small shoulder at 289.4 eV can be associated with the ester
carbon atom. The T — m* shake-up satellite at 294.6 eV suggests significant aromatic character within the film
and thus a high retention of the monomer structure. The O/C and F/C ratio were 0.17 and 0.49 respectively,
which is similar to the theoretical values from the monomer structure.

If it is assumed that all C-F is indeed fluorinated carbons belonging to the ring, on the basis of the area of this
peak the degree of functional retention can be calculated. In a conventional poly(pentafluorophenyl
methacrylate), five of 10 carbons are in the fluorinated ring environment. This would represent a 50% of the

total peak area.

Table 3.5 XPS C1s contributions

Groups Binding energy  Cls contribution %
c-C 285 eV 29+2
C-0/C-CF 286.2 eV 19+1
C-F 288.2 eV 4310
coo 289.4 eV 8+1
n-m* shake-up satellite 294.6 eV 1+0

Taking a look into the structure of the PFM molecule, it can be observed that the C-O and the C-CF carbon are
the same entity, being counted this functionality twice. Therefore the contribution of this peak will be divided
to get its real contribution. The contribution of the m — m* shake-up satellite is neglected, since is a very small

contribution due to the whole spectrum.?”

Table 3.6 presents the retention of the different functional groups, applying a correction to each carbon

contribution, as explained above.
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Table 3.6 Funtional Groups’ retention

Groups Theor. Cont. Exper. Cont.
C-C 30% 32%
C-O/C-CF 10% 11%
C-F 50% 49%
Ccoo 10% 8%
n-n* shake-up satellite negligible negligible

After applying the correction to the peaks areas, the total retention of the functionality can be calculated by
dividing the fluorinated carbon concentration in the experimental polymer by the carbonyl content of the

monomer. By this operation, the C-F retention is of 98%, showing an excellent retention of the group.”®

3.3.4 DEPOSITION RATE

A study of the deposition rate was performed, by looking at the thickness of the films deposited at different

times. Figure 3.9 presents the results obtained.

200t
1807 Ad/At=27.5 nm/min

O - T T T T T T T T T T
0 1 2 3 4 5
deposition time / min

Figure 3.9 Deposition rate at DC=2/52 with Peq=1.9 W
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The deposition rate under the optimal conditions exposed before was 27.5 nm/min™ (see Figure 3.9). The film
thickness used throughout this work was 60 nm + 4 nm obtained after approximately 2 minutes of deposition

time.

3.3.5 SUMMARY FOR WORK IN SYSTEM 1

While working with this reactor (system 1, see chapter 1), it has been shown the pentafluorophenyl
methacrylate polymerization is possible, and that its film chemistry can be modulated by changing the
depositions parameters. A study on the influence of the different parameters has been performed, explaining
their own influence upon the chemical composition. A maximum retention of the desired structure has been
achieved by working at 50W with a duty cycle fixed at 2/52. The electrode’s distance was fixed at 13 cm.

Once the structure is achieved, it becomes interesting to develop the same kind of structure in another
reactor. By getting the same kind of polymer in different systems, we would be able work with independency

of the system. This idea is developed in the following section.
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3.4 REPRODUCIBILITY IN A SECOND SYSTEM

An independency on working with different reactors was required during this thesis. Therefore a second
slightly modified reactor, system 2 was built. Due to the differences between the two systems, polymerization
parameters for this reactor needed to be adjusted to get the desired chemical structure.

The new system was also a tubular glass reactor, but has some differences with system 1, as has already been

presented in section 1.5.

3.4.1 EQUIVALENT POWER: INFLUENCE OF THE PLASMA PARAMETERS ON THE CHEMICAL

STRUCTURE

Working with a different system causes an adjustment of the polymerization parameters while trying to
achieve a similar chemical structure to the one developed in the previous section 3.3. For that reason a new
study on the parameters was done, even only searching for the chemical structure and not studying further
the parameter’s influence over the polymerization.

A series of experiments were done while changing all the parameters, from continuous wave to pulsed
plasma, changing the plasma-off times. For these experiments, the samples were always placed just behind
the coil (see Figure 1.6). An overview on the Cls peak profiles for these films achieved as measured by XPS is
presented in Figure 3.10, in next page.

The conditions for these experiments were partly determined by the plasma needs. The plasma was hard to
stabilize under some conditions, such as low plasma-on time. Therefore this was fixed at 10 ms, the lowest
time at which the plasma worked as expected.

Comparing the resulting C1s peaks (see Figure 3.10), it can be seen that by using continuous wave plasma at
50W the resulting polymer did not retain any functional groups. The polymer is composed basically of carbon
and oxygen, see Table 3.7. At the middle powers, the peaks broaden, showing the presence of the functional
group. The width of these peaks reveals the presence of groups around 290-294 eV, showing functionalities
like CF, or CF3, or oxygenated groups like COOH.®%%*°

As the equivalent power was decreased, the peak shape turned to be akin to the one from system 1, as some
side groups on the C-F range (288.2 eV) appear, particularly by polymerizing at 4.5W. Nevertheless, the curve
still didn’t show the nw—n* shake-up satellites signal, typical of the presence of an aromatic ring in the
structure, or an intense C-F peak, as it would be expected. By taking a look into the table 3.6, one can see that
at this power the fluorine content gets to its highest value. Remarking what the peak shape shows this content

is still far from fulfilling the theoretical ratios.
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Figure 3.10 XPS spectra of PFM plasma polymerized under different process conditions

As the power was further decreased, by letting the plasma-off time grow to 200 ms, the structure achieved
before is completely lost. The C-F groups presence and the fluorine content decreased. A high increase in the
nitrogen content could be observed. The profile of the curve broadens again, and the peak around the C-F
intensity decreases. This points that, like in system 1, a lower equivalent power doesn’t mean always an

improvement on the polymers’ chemistry.
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