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Abstract

The research work presented in this thesis corsidbe development of new

biocompatible surfaces that are able| to control |ﬂmmesion of specific proteins

responsible for the development of neurodegenerdiseases such as Creutzfeldt—Jakob,

Alzheimer, Parkinson and Lewis body disease. Opragch was focused on problems
prior to the detection step, which were never atergd before, particularly on the
improvement of Eppendorf tubes that are used fer storage of body fluids like
cerebrospinal fluid and blood. Namely these tubeslenof polypropylene induce the
depletion of biological material, in some casesnewwer 70%, resulting in a low

concentration of these proteins for the further itmaenzymatic detection.

With the purpose to reduce the adhesion of spgmifiteins on the surface of supports,
two courses of treatments were anticipated. Tkedine consists of surface modification by
highly reactive fluorine plasma treatment and teoad one incorporates development of
new hydrophilic surfaces by coupling two techniqualssma activation and subsequent
grafting of polymer materials. With the latter apgech, an original way of surface
modification has been attained by using complentgwis of polymers and surfactants that
permits controlled configuration of nanostructuredrfaces. All steps of surface
modifications were well characterized by differ@hiysicochemical methods. The surface
hydrophilic/hydrophobic character was determinedniigasurements of polar and apolar
surface energy, surface charge by magnitude of petential, surface chemistry was
evaluated by x-ray photoelectron spectroscopy (XMBjle the surface roughness and
topography were monitored by atomic force microgc@dM). The interactions between
functional groups of treated supports and protemese interpreted referring to different
models of adhesion established for a range of ghesaclose to the classical biological
protocols.

Finally, in order to validate that the new surfaees able to prevent or decrease the
adhesion of neurodegenerative agents on the ssrfafe Eppendorf tubes, the
immunoenzymatic analyses were carried out in halsgéntres of partners that were
participating to the project STREP NEUROSREEN nHBSCT-2006-03 7719 (Centre de
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Recherche sur les Protéines Prion; Liege (ULG),pides Civils de Lyon (CHUL) and
Lancaster University (L-UNI)). These analyses shobit the treatments led to a decrease
of antigen adsorption up to 100%, enabling (all@yietter detection of pathogenic agents.



Résumé

Ces travaux de recherche s’inscrivent dans le cddraléveloppement de nouvelles
surfaces biocompatibles capables de controler ésidim d’agents pathogénes
responsables de maladies neurodégénératives qeleles maladies de Creutzfeld Jacob,
Alzheimer, Parkinson et Lewis. Deux axes de redieront été privilégiés. Notre
approche se focalise en amont des dosages sulibaatién des procédures de stockage
des prélévements biologiques réalisés dans des tldaéype Eppendorf. Ces tubes en
polypropyléne induisent une perte du matériel gqonétde plus de 70% accentuant la
faible concentration en agent pathogéne pour kectiéh immunoenzymatique.

Dans le but de réduire les phénomenes indésirdtddbésion des agents pathogenes a la
surface des supports de stockage, deux voies ieniemnt ont été envisagées dans ce
travail de these. La premiére consiste a modigiesurface du tube Eppendorf en une
étape par décharge plasma fluoré, la seconde adaémuvelles surfaces hydrophiles en
deux étapes couplant la technigue des plasmas fanidjreffage de polymeres, les agents
pathogenes pouvant étre hydrophiles ou hydrophdbesc cette derniére technique, une
voie originale a été abordée de part I'utilisatid® solutions de greffage complexes
composées a la fois de polyméres et de moléculesiotctives. Les surfaces ainsi
obtenues présentent une nano-structuration. Tdege£tapes de modification de la
surface interne des tubes de stockage ont ététéasaes. Ces surfaces sont alors décrites
selon leur caractere hydrophile ou hydrophobe géatae détermination des énergies de
surface polaire et apolaire, selon leur chargeutase obtenue par mesure du potentiel
d’écoulement, selon leur composition chimique d#irée par spectroscopie a
photoélectrons X (XPS) et enfin selon leur topobrapet leur rugosité relevées par
microscopie a force atomique (AFM). Les interacti@mtre les groupements fonctionnels
ainsi obtenus a la surface des tubes de stockages #ps divers traitements et les
protéines antigéniques considérées ont été intégséen se référant aux différents
modeles de I'adhésion pour des gammes de pH pra@sgsrotocoles biologiques usuels.
Afin de s’assurer que ces nouvelles surfaces p&ntdiien une diminution de I'adhésion
des agents infectieux sur la paroi interne desstulb® polypropyléne, des analyses
immunoenzymatiques ont été réalisées au sein dasesehospitaliers participant au
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projet STREP NEUROSCREEN n° LSHB-CT 2006-03 771BR@ de Liege et CHU de
Lyon). Ces analyses ont permis de montrer que ldifroation des surfaces entraine une
diminution de l'absorption des agents pathogénagya 100% permettant ainsi une

meilleure détection.
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1 Introduction

Nowadays, neurodegenerative diseases like Credtdéaob, Alzheimer, Parkinson and
Lewis body disease touch a large number of elderpulation. These diseases develop as
a result of progressive loss of structure and fonabf neurons, by formation of insoluble
protein aggregates that appear in the patientis pif An enormous research is devoted
to their early detection and potential curing [2, Bven though, the clinic symptoms
allow their identification, onlypost-mortemanalyses give a certain diagnostic so far. The
clinical signs appear at very late stage of thealis, where it is already impossible to
efficiently inhibit their progress.

The presence of these diseases is monitored bydheentration of biomarkers,
specific to each disease [4]. They can be foundifierent body fluids like blood and
cerebrospinal fluid (CSF). Actually, in early stagef the disease, the concentration of
pathogenic agents is too low to be detected bydar@nimmunoenzymatic methods used
for their identification. The attempts for earlyagé diagnostic of these agents were made
as well with different physiochemical methods. Egample, an optical test with interior
laser ophthalmoscope was developed, which seenhe table to detect a presence of
amyloid beta proteins that are found in all Alzherts patients in the lens of the eye [5].
As well new brain-imaging methods were developedvtnich the radioactive dye is
injected in the blood system and travels to thenbnahere it attaches to the amyloid
plaques [6].

On the other hand, the efficiency of immunoenzymalgtection can be improved
through different ways as well. A very promisingthua of detection was developed [7],
where the system based on enzymatic test was egblag the DNA marker, which
allowed an amplification of the signal by real tipelymerase chain reaction (RT-PCR).
The efficiency of ELISA test itself can be improvey development of antibodies with
better recognition of infectious agents, they cancbncentrated with a help of nano-
beads and with improved attachment of detectioibadies (homogeneity, orientation)
on the strips used for ELISA tests [8,9]. Theresean alternative (complementary) way,
namely we can react also in the early stage, befwgedetection, by preventing the
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adsorption of these pathogenic agents on the saghplbes, keeping their concentration

intact.

The control of protein adhesion for various appims has been researched for several
decades [10]. Nevertheless, the problematic ofaumgenerative deterioration for either
detection or standardisation was first consideretbuthe European project Neuroscreen n°
LSHB-CT-2006-03 7719. It has been realised, thatethwas a great loss of biological
material on the inner walls of sampling tubes wviathe, leading to the dubitable titration
values.

The example of p-42 storage in different sampling tubes (perfornisd CHUL
(Hospices Civils de Lyon)) can be seen in Tabl&8He CSF was disseminated in four
different commercial tubes that are used regularhyospital laboratories and stocked at 4°C
for 24 (48) h. After this time the ELISA tests weerformed for 8-42 peptide.

Table 1: Titration results for A2 peptide stored in different untreated tube4°@t for
24 (48) h.

Time of storage/ Tube 24 h 48 h

PP blue -36 % - 60 %
PP green -38 % -42 %
PP red -34 % - 60 %
PS -55 % /

The obtained results have shown an important [bgejatide after just 24 h of storage
and it kept decreasing with time. As well the tubdesnot have the same response. Similar
was noticed for other proteins. The variations lkeetwthe tubes were reported to be up to
25% for Tau, pTaul81 and up to 65% for th@4® peptide [11]. These results indicate
important information, namely it was observed fbaients were diagnosed for Alzheimer
disease when the analyses were made immediatelytiaét sampling. However, in just six
hours the amount of specific proteins adsorbedersampling tubes was so important, that
the identification of the disease was already negaMoreover, the loss reported here is
solely due to the adsorption that occurred durimg $torage, without considering the
adsorption that takes place during sampling, matifon and aliquoting

Next to the native forms of these proteins thatfaned in cerebrospinal fluid, we have
also worked with recombinant forms in PBS buffehick are used as model proteins for
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standardisation. Analogously to proteins in mathey disclose very high adsorption on the
tubes, resulting in a false standardisation.

Therefore the key solution to these problems wa@dan appropriate modification of
the inner walls of sampling and storage tubes ¢batd prevent the adsorption of these
specific proteins, which is also the subject ofspréded work. The coatings used for
modifications should have several properties: tmeyed to be biocompatible, non-

adhesive and stable under various experimentaliwomsl (T, ionic strength, pH).

The thesis is structured in five chapters. The @rapter presents the state of the art in
the field of biocompatible materials, low pressdo®ld” plasmas, different grafting
techniques and protein-surface interactions, wihnhain focus on the development of non-
adhesive surfaces. From this review it will becastear that there exist numerous ways to
modify the surface and that so far no general feigoroduction of anti-fouling surfaces
exist. In the second chapter experimental workgosed, with detailed protocols for each
method used. The results and the discussion asergeal in the third and fourth chapter.
The third chapter offers an insight into materialodification and its detailed
characterisation, whereas the fourth chapter predée results ofn vitro responses of
degenerative agents towards the new surfaces. aBtecthapter (Chapter 5) presents the
conclusions made according to the results obtaioed surface analyses and biological

validation tests.
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1.1 Design of novel biomaterials

1.1.1 What are biomaterials?

Biomaterials are defined as materials that cortstitparts of medical implants,
extracorporeal devices and disposables that haae leed in medicine, surgery, dentistry
and veterinary medicine, as well as in every aspégiatient health care [12]. These
materials should be able to support or replacerabtunction. By the European directive
N0.93/42/CEE from June 141993 the biomaterials are divided in four mairegaties:

a) medical devices, b) apparatus for in vitro d@siits, c) implants and prostheses and d)
hybrid organs. They are used in many different doméke cardiology, orthodontics,
bone reconstructions, orthopedics, plastic recanstns and analytic substrates (Figure
1, Table 2) [13].

Figure 1: Examples of biomaterial utilization a)elenarthroplasty b) cosmetic dentistry, c)

angioplasty and d) biomedical diagnostics.

There are several types of materials such as metaisposites, natural and synthetic
polymers that can be used as biomaterials for réifite applications (Table 2). These
materials satisfy the requirements for biomedicppligations in many parameters,
especially from mechanical point of view, howeVeeit surfaces are often not compatible
with living tissues and organisms to which they exposed [14,15]. Major risks that
need to be avoided are immunological or inflammat@actions; there should be no
change of plasma enzymes and proteins when theynasentact with living material
inside or outside the human body, absence of taxid carcinogenic products, no

deterioration of tissue and materials and absericenmune factors responsible for
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thrombosis and obstructing the flow of blood throdige circulatory system [16].

Table 2: Materials frequently used as biomateaald their application fields [18].

MATERIAL Type Application fields
METAL Steel Hip replacement, cardiovascular stents,
dentistry
Ti and Ti alloys Hip replacement, knee implants,
cardiovascular stents, dental implants
Ag, Au Antibacterial deposition on cardiovascular
prostheses, dental implants
Ceramic Bone reconstruction, orthopedics,
cardiovascular valves
hydroxyapatite Ophthalmology, bone reconstructions
NATURAL Polysaccharides Membranes, ophthalmology, adhesive
POLYMERS (cellulose, alginate, bandage, plating

chitosan, starch)

Proteins and
glycoprotein
(collagen, gelatin,
fibrinogen, heparin)
SYNTHETIC HDPE
POLYMERS Poly (acrylates)

PTFE

PEEK
RE

PVC
PP, PS
ELASTOMERS Silicone

Polyurethane

Ligaments, soft tissues, tendons, surgical
suture, deposition on artificial cornea,
cardiovascular stick, bone reconstruction
stick, plating of cardiovascular prostheses

Tubing, catheters, bone reconstruction

Ophthalmology, Orthodontics,
Orthopedics

Cardiovascular prosthesis, chirurgical
tools

Orthopedics

Cardiovascular prostheses, tendons and
ligaments, analysis substrates,

Medical devices

Analysis substrates, pipettes, storage tubes
Orthopedics, gastric rings, probes and
catheters

Probes and catheters, orthopedics, tubes,
Gloves, operating fields.

Materials taking into consideration above mentiostatements can be referred to as

“biocompatible” materials. Enormous amounts of setadre dedicated to the research of

new biocompatible materials due to the increasimglver of artificial substitutes every

year. Nevertheless, the biocompatibility is angsia very complex phenomenon, which

is still not completely understood due to the lafknowledge ofin vivo conditions. A

caution should be taken in defining a biomatersabemcompatible, since the applications

of these materials are specific. A biomaterial tisabiocompatible or suitable for one

application may not be biocompatible in anothef.[17
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1.1.2 Fundamental interactions between surfaces and bionecules

Depending on the application, attachment of biomdiEs to the material is either
favoured or needs to be prevented. The adhesimaraius microorganisms or proteins
can occur on most of the surfaces, including metats alloys, glass, polymer materials
with hydrophilic character or most inert hydrophoburfaces like PTFE [19]. There is a
limited knowledge on what is going on the interfa¢diving and non-living matter. The
exact mechanism of adsorption to surfaces is noptetely understood yet and remains a
key question in many studies [20].

For certain biomaterials like contact lenses, ngses, microfluidic devices, patterned
supports for tissue engineering, analytic or steragaterials, various devices in contact
with blood (vascular grafts, catheters and dialyséris very important to avoid the
unspecific protein adsorption. Proteins naturaltisab on the foreign surfaces and
significantly modify their characteristics. For exale the adsorption of blood proteins to
devices like vascular grafts triggers the thrombamnd consequently the clothing of
vessel [21].

The proteins can be adsorbed through many diffenehanisms due to their complex
nature; therefore the control of their adsorptisnvery difficult to achieve [22]. It was
proposed that the low adhesion materials shouleitteer super hydrophilic or super
hydrophobic in order to be protein repellent [23Jhe creation of surfaces with
hydrophilic surfaces is thought to strongly adserater. This high content of water
present on the surface should provide minimal sertansion in contact with biological
containing liquids due to its similarity. On thénet hand extremely hydrophobic surfaces
would repel the water and by this keeping the maiiocontact of liquid containing bio-
molecules with the surface [18].

Coating of surfaces with non- charged hydrophiltymers like Polyethylene glycol
(PEG), Poly(methyl methacrylate) (PMMA), Poly(ethiye oxide) (PEO) have been
found to reduce the protein and cell adsorption ttu¢he elimination of electrostatic
forces and the hydrophobic interactions betweefasarand proteins in solutions [24-26].
These kinds of coatings showed very promising tedor the devices that are used in
short to medium time use (dialysis), however theégomance of grafted implant surfaces
(cardiovascular grafts) in longer times still rengiquestionable due to their loss of
performance. For example hydrophobically modifiedymers exhibit little interaction

with blood platelets and therefore they are ofteadufor different application where the
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thrombosis effects need to be reduced (polyesteplalate (Dacron) grafts- synthetic
material used to replace normal body tissues) [Bfi¢ non-fouling surfaces and protein

surface interactions will be examined more in detaithe chapter 1.4.

For certain materials it is important that theysem& antibacterial properties, because
the bacteria’s and cells compete for the adhesidhe implants and tissues. The bacterial
attachment is mainly driven through the adhesiomafroorganisms on surfaces with
subsequent colonization of exposed surface. Twa rpaihs are taken in order to avoid
the bacterial adhesion. First is through develognansurfaces with antimicrobial
properties through implementation of ions like CuAr [28] or through coating of

material with non- fouling surface layers like PEX9].

For various implant materials the growth of celtstbe surface needs to be promoted.
The growing of cells is favoured on the surfaced #xhibit moderate energy and contain
polar functional groups. Various oxygen depositédd exhibit rapid cell growth while
nitrogen containing species exhibit high affinitgr fserum fibronectin and moderate
influence on cell growth [30]. Another approachttizaoften used for implant devices is
the immobilization of biological molecules like tden or fibronectin. In natural
environment cells grow on the extra cellular ma(BCM) consisted of different proteins
and polysaccharides. Therefore the modificatiosyofthetic materials is directed in the

creating of surfaces having similar compositiore@$v [31].

Another problem with implantable materials is tekeasing of toxic components to the
system (Ni from NiTi alloys, polymer with the catsl residues, etc...). Modification of
these surfaces with plasma has shown to be satisfan preventing the leakage of toxic
materials to the blood. In addition these coatiags able to prevent the corrosion of
implants [32]. So called slippery surfaces are areg normally by using the extremely
hydrophilic glycoprotein’s that are able to prodwesy viscous substances. These kinds
of surfaces are used for devices in order to hase painful insertion, precise operation
and protection of the tissue for injuries [33].tde polymer materials are needed for the
artificial ligaments, inter vertebral discs anddens where strong adhesion to the bones
is needed. These are usually phosphate basedcpaifis that are able to form strong
bonds with Hydroxylapatite (HA) that is the mairoiganic component of bone tissues
[34].

In detection diagnostics techniques, biochips dretanalytic supports can be
functionalized for highly specific antigen recogoit with low non-specific interactions.

For example the polystyrene support was treatedydoyma irradiation, coated with



Introduction 8

allyldextran, followed by Nal@chemistry in order to functionalize the dextrayela In
the next step streptavidin or neutravidin was cedplThis kind of surface shows
extremely high hydrophilicity with low non- spedfinteractions and high binding to
biotin-modified antibody or antigen [35]. On thehet hand the grafting of
physiologically active surfaces like polyacrylamid@AAm,) or poly (acrylic acid)
(PAAc) have drawn much attention for specific bmgliof biologically active molecules
like DNA and pathogenic proteins from the bloode3é kinds of surfaces can be also

referred to as immuno adsorbant surfaces [36].

The development of stimuli-responsive polymers iwther broad area that is
attracting much interest in the last years. Theatenals are able to respond to external
stimuli such as temperature, pH, light, electreldj chemicals and ionic strength. The
responses are shown as dramatic changes in shagp&ces characteristics, solubility,
formation of an intricate molecular self-assemhiyacsol-gel transition. Applications of
stimuli-responsive or so called ‘smart’ polymerse a@iound often in delivery of
therapeutics, tissue engineering, bioseparationssansors [37, 38]. Coatings that are
most usually used as stimuli-responsive polymers Roly (N-isopropylacrylamide)
(PNIPAM) and PNIPAM based copolymers, poly (eth@aglycol) (PEG)—poly (lactic-
co-glycolic acid) (PLGA) copolymers, Poly(acrylicid) (PAAc), Poly(methacrylic ac)d
(PMAA) and poly(ethylene imine) (PEI) [39].

1.1.3 Techniques for modification of biomaterials

In order to develop an appropriate material forc#meapplications their surfaces need to
be modified/functionalized by either physical oeotical modification and in some cases
the combination of both methods can be applied. mbthods based on physisorption of
macromolecules have a deficiency; the layers fororedhe surface of the substrate are
bonded solely through relatively weak forces, lidectrostatic, hydrogen and van der
Walls bonds. For many biomedical applications, mal® with long- term survival and
stable coatings with no depletion are necessary.ttis reason the use of physisorbed
layers forin-vivo andin-vitro conditions is limited and the chemical methodscovalent

binding of materials are favoured.

There exist many methods to introduce the functiggraups to the surface: the

conventional wet chemical treatments, UV treatmeo®ne treatments and ionization
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radiation treatments (plasmas, ion beams and 1§4@}) Wet chemical treatments are
often employed due to their easy accessibility. ey these techniques have often

various limitations like:

the modification is not limited to the surdaaf the material and the molecules can

penetrate through the material,

the homogeneity of modification is not adequate,

they are unfriendly to the environment and user,

their long-lasting performance is questionable.

The use of non-equilibrium plasmas for surface rincations is a good alternative to
classical organic chemistry reactions. These kofdsodifications are relatively easy and
quick, the use of toxic solvents is avoided andenrsbft plasma conditions the ablation
of material is negligible. The plasma can be usiétee to incorporate in the surface
various functional groups or for growing of thininfs through polymerization of
monomers. The thickness of the thin polymerizemdilcan be relatively good controlled
by adjusting the time of deposition. In this cdse hegative point the method is that the
coatings are not very strongly attached to theaserind the chemical composition of the

polymeric chain is rather hard to control [41].

On the other way the non-depositing gases likeNp, CO,, CF, He, Ar can be used
for introduction of polar or non-polar functionatogps like hydroxyl, carbonyl, amine
and fluorinated groups to the surface. The weitgbdnd reactivity of such surfaces
towards an environment in which they are exposedr& modified. For example the
surfaces with grafted apolar (fluorine) functiogabups affect greatly the non- adhesion
of several bio molecules [42]. On the contrary, plo&ar and hydrophilic surfaces exhibit
higher tendency for the various molecules and plggificant role in cell adhesion and
cell growth mechanism. They can also be used djrefdr protein or enzyme
immobilization. This kind of material functionalizan can be also categorized as single
step modifications and will be discussed furthercimapter 1.2. Furthermore, these
reactive groups formed on the surface can be seiMedovalent grafting of specific
molecule as shown on Figure 2 [43]. The introductad graft chains can be achieved
through various mechanisms: ionic mechanisms, @oatidn mechanism and free radical
mechanisms, chemical grafting or radiation indugeafting. The grafting mechanisms,

or so called two step processes, will be discussae@ in detail in chapter 1.3.
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Figure 2: Schematic figure of a) oxygen containpf@sma functionalization of material through
one step mechanism and b) subsequent graftingdrbkyl terminated polystyrene (PS-OH) on

activated surface; two step mechanism.

There are several advantages of surfaces with gadymer chains towards the ones
formed through single step modifications. Firste tstability of these layers is much
higher due to the covalent boding to the substsseondly there is no or minimal ageing
effect of grafted materials, which is especiallpldematic for hydrophilically modified
surfaces. Finally, the nano (micro)-sized layerseheontrolled chemical composition,
hydrophilic/ hydrophobic balance, roughness anddogphy. Last, there is a wide variety
of functional groups that can be introduced to sheface, which allows adjusting the

surface of material for numerous applications.

1.2 Biomaterial elaboration through one step plasma

functionalization

The surface properties of materials are ruled leyrthture of the material itself. Often,
these properties are not satisfactory for certpplieations and they need to be modified.
In order to improve the biocompatibility and bio@tionality of materials the surface
energy, functional groups, topography and morphploged to be changed. This can be
done through different treatments, but plasma nicatibn seems to be most appropriate
one, as it enables a quick and uniform modificabbthe surface of the material, leaving

its bulk properties intact.

Basically, RF gas plasma treatments can be usethiee different types of polymer
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surface modifications. Firstly, the surface of tinaterial can be modified by plasma
functionalization and/or plasma etching. With tkisd of treatment, besides changing the
surface chemistry through introduction of specdiemical groups, the surface structure
(morphology, topography, roughness) can also bectfl. Secondly it can be used for
plasma polymerization of monomer precursor. In t@se plasma acts as an initiator by
forming free radicals in the monomer gas and orsthiéace of the substrate. As a result a
thin film is deposited on the surface of the sudistrFinally the surface chemistry of a
polymer can be changed by plasma immobilizatiomasfous molecules with functional
end groups onto the surface by plasma activatiothefmaterial with polar or inert
gasses.

1.2.1 Plasma state

Plasma describes the state of a (partially) iong&sliand is sometimes referred to as the
fourth state of matter. Plasmas are generated blyiag either high temperatures or
strong electric or magnetic fields to gas. In thetfcase we are talking about thermo
dynamical equilibrium plasmas or »hot plasmas«,red in the second case it is called

non- equilibrium or »cold« plasmas.

Creating low temperature plasma is usually doneplying an electric field to gas.
This can be done with different type of dischargiées direct current (DC) glow
discharge, radio frequency (RF), micro wave (MW Bischarge with a hot cathode or
combined discharges. The free electrons in thessndiges are accelerated by the electric
field and collide with neutral gas molecules omaso Due to these collisions, metastable
species, positive ions, electrons and free radiaesgenerated [44]. Collisions can be
elastic, inelastic or superelastic. Elastic cadiig of electrons with a molecule cause a
slight increase in the kinetic energy of the moleand do not lead to creation of plasma
radicals. However, at inelastic collisions, the rggeis transferred to dissociation,
ionization and excitation of molecules and creatainnew patrticles, called radicals.
Radicals can be rotationally, vibrationally andcéienically excited molecules, atoms
and ions. Probability for a certain collision degeron the available energy and on the
scattering cross-section. In general, the most tapb is the available energy of an
electron, which has to exceed the threshold fordaetion. With increasing the electron

energy, probability for reaction usually increasesgches a maximum and then starts
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decreasing with further increase of electron enefyg lowest energy threshold is for the
excitation of rotational states, of the order ofgmiéude 0.01 eV, for vibrational is 0.1 eV
and for the excitation of electronic states it nsthe order of few eV, which is also
characteristic dissociation energy. The energyireduor ionization usually exceeds 10
eV, because we need sufficient energy to removeldatron from the attractive forces of
the core [45].

If the energy of the electron is too weak to digst@cor ionize the molecule, excitation
to different rotational and vibrational states ascuProbability of reaching a certain state
is also determined by quantum nature of the padifd6]. Excited states can decay with
electrical dipole radiation. Whereas when an egcii&dical is relaxed to its lower or
ground state, it emits a quantum of electromagmedice (photon). The characteristic life
expectancy of an excited state depends on thedfypecitation and the type of molecule,
usually the order of magnitude is arounqud. However, if the transitions with dipole
radiation are forbidden, the life expectancy ofied species increases up to 1s or more.
These are called metastable states, which can dadgywith quadropole or higher
multipole radiation. There is a higher possibilihat metastable excited states decay by
collisions with other particles in the gas or oe thamber walls. Many other particles
including ions and neutral atoms in the groundestaiax mainly on the walls of a
discharge chamber. Charged particles are lost avithsion on the surfaces, where they
neutralize with a high probability, while neutrahrficles recombine on the walls of
reactor chamber with a probability that dependsnipain the characteristics of the wall

material [47].

Plasma created at low pressure is usually low teatpe plasma, which means that
the random velocity of neutral particles is of #ane order of magnitude as for normal
gas at room temperature. On the other hand, efectie always hot (their temperature is
usually well above 10.000 degree K). To understheddiscrepancy between the neutral
gas kinetic temperature and the electron tempezatue must first become familiar with
the behaviour of charged particles in electriadgelThe force a patrticle feels is:

d*x
m—; = Ee 1
dt’ )(
where m represents the mass of the particle, eddatdrical charge and E the amplitude of

the electrical field. In a DC discharge, which me#mat we use a static electric field, the
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average energy that a particle receives from teetrtal field before colliding with

another patrticle is:
(W) = Ee) )

where(l) is the mean free path of the particle, and it obsly depends on pressure[ref].

Since the mean free paths of ions and electronsfatee same order of magnitude, they
gain same energy. In spite of this, the averageggnef the electrons in plasma is
considerably higher (high enough to cause furtbeization) while the ions remain rather
cold. This happens because electrons loose onlkghgible fraction of their energy at
elastic collisions with molecules, whereas ionsstbapproximately half of their kinetic
energy per collision. However, production of plasmmaa static field has certain
disadvantages, so oscillating fields at RF frequeare normally used. Then the value of

the electrical field is not constant anymore burades periodically with time:
E = E, coswt 3)

where w is the pulsation of the oscillation. The forcerdeal particles feel is thus:

2
m% = ek coswt (4)

By integrating this equation (4) we obtain the wélpof a particle:
m% = —Esina)t (5)
dt mew

The peak velocity a particle reaches is:

e
V=2 ©)
mw
And so the maximum kinetic energy of a particle is:
1 (eE)*
W, ==my =—»~ 7
kin 2 2ma)2 ( )

We see that the energy of a particle is proportitmahe inverse value of its mass. This
means that the energy of electrons in our plasnfawseV, which corresponds to the
dissociation energy of gas molecules [48]. At thens time, the temperature of other
particles is approximately equal to the room terapge due to accommodation of

particles on the walls of the discharge chamber.
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1.2.1.1Non-equilibrium “cold” plasma

Special case of thermodynamically non-equilibriuntaspma used for polymer
functionalization is low pressure weakly ionizedgrha. This kind of plasma has special
properties; the degree of ionization is very sraalll consequently the density of charged
particles is low, and at the same time the degfedissociation is high. Beside the
molecules of the source gas, the most numerousespare free radicals. As such, they
are the dominant species which means that thepealéfie characteristics of the plasma.
These free radicals are chemically much more neadthan the original gas. The
chemical reactions are the same as they are isdinee gas, but the potential barrier for
reactions has been lowered considerably by dissogithe molecules of the source gas.
Therefore, free atoms are able to react with satestralready at room temperature [49].
This is of a great importance concerning the faet tve want to functionalize just the
surface of materials, without changing its bulkpedies that depend on the temperature.

1.2.2 Plasma-surface interactions

Plasma is a highly reactive environment of reacsipecies with a wide range of internal
energies. Consequently, these active species halifesent effects on the materials
exposed to plasma phase as shown in Figure 3. €akbunds between atoms in a solid
material have a typical binding energy of 3-5 eV, accelerated ions, vacuum UV

radiation and radicals have sufficient energy &akrany chemical bond [50].

The ion bombardment of the material exposed tonmasauses sputtering of the
surface atoms and further ions can chemically redttt the surface. The combination of
both results in an anisotropic-reactive ion etcHig]. The energetic UV radiation from
the plasma has several effects on organic materidle VUV radiation can cause
photoionization, while UV radiation causes disstora of bonds, yielding free radicals
and may excite specific groups. This can lead rchcissions, rearrangements or even
elimination of specific functional groups. The reals created on the surface can further
crosslink, can react with species from the plasimase or can react with oxygen when
exposed to air afterwards [52].

The radicals colliding with the surface of the dwdit® can be incorporated at the
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surface (e.g. by radical-radical recombination)y ahstract hydrogen or other atoms like
fluorine from the surface or can induce polymei@atand crosslinking on the surface
[53]. The interaction of neutral species with theface is largely dependant on their
chemical reactivity. During plasma processes, a paiition between modification,

degradation process (sputtering or chemical et¢hang a (re)deposition process exists.
The overall effect of the plasma process is deteethby the sort of the gas used; type of
plasma discharge, nature of the substrate anddassaextent by other conditions such as

pressure and substrate temperature [54].
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Figure 3: Schematic presentation of plasma suifdeeactions; P= polymer chain and M= gas.

The mechanisms involved in plasma treatment of mely materials are not yet
completely understood. The main drawback of plasechniques is the difficulty to
achieve a good understanding of the interactiortevden plasma species and treated
surfaces. We have to consider many factors depgndim both generation of active
species in the gas phase and their interaction thightreated material. This is why a
precise determination of plasma parameters is sapgssuch as concentration and
energy of charged, metastable and reactive neptdicles as well as the energetic
photons. Their specific effects on the surface rincation should be known as well in
order to achieve a good control of the surface ntgs. Furthermore it needs to be
mentioned that the degradation of the surface léadgrmation of molecular fragments
that are volatilised from the substrate to the pghase and consequently change the
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plasma chemistry [55].

Finally, we need to considerate that polymer s@daare dynamic systems which will
interact with their surroundings. Majority of plaantreatment (excluding fluorinated
gasses) yields polar groups at the surface. Upmage in the air or vacuum which are
considered to be hydrophobic media, the surfacegamizes in this way that the polar
groups are buried in deeper surface layers. Thi®i® the surface free energy and is
thermodynamically favourable The rearrangementingtically controlled and happens
typically in order of minutes, hours and has arugrice on some phenomena like
adhesion, wettability and availability of functidngroups for coupling. This is also

referring as an ageing of the material [56].

1.2.3 Applications of low pressure non-equilibrium plasma

Plasma processes have been developed to attainfispaface properties of the
biomaterials, like promotion of adhesion, functilration of the surface, enhanced
surface wettability and spreading, improvement abcbmpatibility, molecular

immobilization, non-fouling coatings, barrier swacoatings, reduced surface friction,
etc [57].

|~

a) b)

Figure 4: Picture of a) Hydrophobic surface antiygjrophilic surface.

Depending on the application an appropriate plasesgment needs to be chosen. In
order to improve the adhesion for example, stromigriacial forces are required;

therefore plasma treatment that renders chemiaatwe functional groups, such as
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amines, carboxyl, and hydroxyl groups are employeudther, if the free radicals on the
surface are required or if performance of the p@sgrshould be enhanced (like hardness,
chemical resistance) surface crosslinking and aiitim with noble gasses is employed. In
all above mentioned cases, the surface energy tdrimlaincreases due to the formation
of polar functional groups (Figure 4). On the otlmand, the surface energy can be
decreased by using fluorine-rich plasmas. Thesenaa enable incorporation of fluorine

functional groups on the polymer surface yieldimg material highly hydrophobic [58].

1.2.3.1Development of (super) hydrophobic surfaces

The process of hydrophobization of polymeric malerihas been known for decades.
Hydrophobic surface is obtained quite easily byod#on of “Teflon” - like layers on the
substrate. They can be attained in various waysobyentional immersion, spin coating
methods and by different sputtering techniquesPABE is not soluble in any organic or
inorganic solvent, layers formed by immersion apth £oating are not very uniform,

stable and do not express well enough the hydraploblaracter [59].

In recent years the synthesis of hydrophobic sadgathrough deposition of
fluorocarbon films is often observed. The deposgican be achieved either by chemical
methods like chemical vapour deposition (CVD), ptgis methods like physical
vapour depositionPVD, plasma enhanced physical vapour depositiorP{HE or by
deposition of fluorinated silane in the form offsetsembled monolayers (SAM-s) [60].
Classically, such coatings reflect only moderatdrbghobicity, which means that the

contact angle is usually less than 120 °.

To build up more hydrophobic (superhydrophobic) emat, it is necessary to texture
the surface [61]. The superhydrophobic surfaceschegacterised by the water contact
angles superior to 150°. In the nature we can wbs#is phenomenon as a so-called
“Lotus effect”. A characteristic of the surfaceafotus leaf is that it is at the same time
superhydrophobic and self-cleaning. In generaludogffect is achieved when two
conditions meet: the surface must be covered waternal that has a low surface energy
and the material must have a fine structure. Namalgh structure allows the capture of
the air bubble in the area between the liquid afibsate and thus prevents their contact.
Ultrahydrophaobic synthetic materials have appeardg recently/ These surfaces are still

little known in the field of bioadhesion and preisangreat potential:in this area [62].
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Their synthesis for the industrial purposes ledtisnoto various defects of material like
mechanical fragility and opacity. These deficiescere directly correlated with the
roughness and the structuring that is needed tairohiltrahydrophobic character.
Therefore the compromise between the surface enargghanical and optical properties

of the material needs to be achieved.

Conventional methods for the synthesis of struckuraterial is the surface-etching
either by chemical way with HF, XeFor exampleor by reactive plasma ion etching. In
the next step the coatings with hydrophobic properare applied to these surfaces.
Compared with conventional immersion methods, mbyelrophobic surfaces are
obtained on the account of structuration, howekersatisfactory adhesion of these layers
remains unsolved [63]. Other methods that are ofteed are micro(nano)-lithography
(either through etching of silicon and depositidritlon apolar layers or through masks
made of colloidal particles), transfer mouldingagbattern etched on silicon in the PDMS
matrix and the blend of polymers with their demgiproperties that lead to different
geometries. All these methods lead to material wipical surface roughness of few
hundred nanometres to several micrometers [64].

An alternative approach is the functionalizatiordeposition of highly fluorinated thin
films on organic or inorganic substrates by mednsta plasma. In this case we need to
use non- polar gasses like £SFK or their mixture with hydrogen and/or noble gasses
[65]. CF, is one of the most widely used components of fiesimixtures employed for a
variety of plasma-assisted material processingiegtns. Ck molecules can undergo
bond scission and ionization in the presence ddltarnating electromagnetic field. The
electron impact studies showed the appearance oy graund and electronically excited
species in fluorine gas discharges, which can acotewith each other or with the
substrate. In spite of wide variety of species @nésn the plasma phase, there are only
few that are involved in functionalization of therface. These are mainly F atoms, with
smaller concentration of GFCF, and CF radicals respectively [66]. The fluorinenas
are also known to be an etching agents, theref@artodification of surface with GF
plasma was proposed to be the sum of two mechandagsadation and fluorination.
These two mechanisms appear to be competitive aradigl at the same time [67].

The roughness of the surfaces obtained with plasttiaing is usually much lower
than with other methods, from few nanometres ugetw hundreds of nanometres.
Therefore the ultrahydrophobic character can beioet in a wide range of surface

roughness. For this reason it was suggested tkhatoffography of the surface (surface
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features) have a larger effect on the superhyddoiphaharacter than the roughness value
itself (Figure 5) [68]. By changing the experimdntanditions or addition of a foreign
gas to fluorocarbon feed it is possible to chang&inuously the relative importance of
the active species and therefore the etching gmpailizing capacity of discharges. On
generally, higher that F/C ratio is, the more tiexlohrge is suitable for etching and less
for polymerization process [69]. The parameter lteen originally formulated by Coburn
and Winters [70] for Si and Sietching essentially to characterize the stoichioynef

the active species.

2 steps with O, plasma
pre-treatment + CF,

1 step CF, plasma
treatment
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Figure 5: Ultrahydrophobic surfaces obtained witle step Clrplasma treatment (black points)

and two step treatments with @€d CFk plasma (red points).

Addition of reducing gas such as hydrogen redutes dtching activity of the
discharge. In fact, hydrogen reacts with F atonediley to unreactive HF, so the
recombination process of CBnd F is reduced and CHensity increases, which are the
building blocks for polymerization. On the othembathe addition of oxygen increases
the etching properties of the discharge system.g@myreacts selectively with radicals,
leading to less reactive CO, g¢@nd COF species and this means that F atoms are no

longer recombined and their relative density insesq71].
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1.2.3.2Development of (super) hydrophilic surfaces

Many polymer materials are rather hydrophobic due tack of polar functional groups,
resulting in a high surface energy and unsatisfg@dhesion of different coatings (often
in aqueous solution). In order to increase theaserfifree energy of the material, or in
other words make it hydrophilic, we need to acevite material by introducing polar
functional groups at the surface [72]. The switcletween hydrophilic and

superhydrophilic (super wetting regime) will depestdongly on the roughness factor.
[73]. Terms superhydrophilicity and superwettingevéntroduced a few years after the
term superhydrophobicity to describe the complgieeading of water or liquid on

substrates.

A wide spectrum of functionalization techniques asailable to render surface
hydrophilic like physical deposition/ adsorptiorhemical modification, grafting and
plasma techniques. Polymer surfaces can be modifigdphysical adsorption of
amphiphilic molecules. Sol-gel method (wet-chemitathnique or chemical solution
deposition) methods are used primarily in the sgsith of materials and ceramics
engineering. Precursor molecules in this case méater the type of reaction. Precursor
(salt) can be deposited on the substrate and farrilsn (with "dip coating” or "spin
coating” technique). However, in order to obtaistable surface the molecules should be
irreversibly adsorbed (covalently bonded) and phesents a large problem in majority of
the adsorption techniques. Other chemical procettsgsare widely used are chemical
vapour (CVD) and physical vapour (PVD) depositienhniques [74]. On the other hand
polymer surfaces can be chemically modified byitigar gas phase reactions. Often
strong oxidizing acids (e.g. permanganate, chraaeid, fuming nitric acid, perchloric
acid, sulphuric acid) are used to introduce difier&unctional groups like carbonyl,
carboxylic or sulfonate groups to the surface. Aeme other techniques like flame and
thermal treatments can be used that introduce atsdio the surface and cause chain
scissions. The radicals introduced to the surfaeetrsubsequently with oxygen and/or
nitrogen leading to hydroxyl, carbonyl, amide andrboxylic acid groups [75].
Furthermore ion beams, laser treatments that cambi¥ in thermal effect, gamma
irradiation, ozone, mechano -chemical activatiahteques are used to induce chemical

(create free radicals or peroxides) and morphodglsanges at polymer surface [76].

Treatment of polymer surfaces by exposing theml&smas containing reactive or
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inert gases has been often used to improve thesithproperties of material. Generally
oxygen plasma treatments lead to introduction gger containing groups like carboxyl,
carboxyl, peroxide and hydroxyl groups. In the axyglasmas at the same time etching
and functionalization of the surface occurs. Thetraé O atoms react with carbon atoms
on the surface and form small volatile productg O and C@that are pumped from
the system, living free radicals on the surfacd.[The carboxylic groups may be also
introduced to the substrate by treating them wi@ Gr CO plasmas. In this case, next to
the groups formed with oxygen plasma, new funcligmaups like esters, aldehydes and
ketons appear [78]. If the treatment of the surfaged, and CQ plasmas is compared,
the Q plasmas introduce much faster the functional gsowhile CQ plasmas produce
much less damage (etching) of the material. Thbooatated surfaces can be produced
as well by plasma polymerization of monomers likeybic or propanoic acid, while the
high amount of the hydroxyl groups on the surfa@m de obtained by plasma
polymerization of methanol, ethanol, allyl alcolanld methylbutylnol monomers [79].

Nitrogen, ammonia and JH, plasmas introduce primary, secondary and tertiary
amines on the surface and as well the amides. 8els& nitrogen containing functional
groups, there is always observed a presence ofeoxggntaining functional groups on
the surface due to the post oxidation reaction$ ke radicals incorporated in the
surface. Different nitrogen containing plasmas witbduce different nitrogen functional
groups. When NElplasma is used it is possible to create a relgtiiegh amount of
primary amino groups, which is not the case foegwr plasma [80]. An alternative way
to introduce amine groups on the surfaces is thrguigsma polymerization of amine

based monomers like allylamine, ethylenediaminediachinocyclohexane [81].

Polymers treated with Ar or He plasma will not letal incorporation of new
functionalities onto the polymer surface, but te tireation of free radicals on it. These
free radicals can react with oxygen when exposethéoair and form crosslinks and
unsaturated bonds due to the chain scissions. 8e#ie activating advantage of this kind
of treatment inert plasmas are often used for ahggnf the surfaces before exposing
them to another gas or material [82]. One of tighslimitations of plasma technologies
is the diversity of the functional groups produdsdthe multitudes of chemical reactions
that happen in the plasma phase. Neverthelessnitbe concluded that plasma based
techniques are very efficient methods for modifaatof different materials that can be

used for various applications.
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1.3 Biomaterial elaboration through two-step treatment:

Surface activation and polymer grafting

There are several ways that thin films can be deggbsn the surface of a substrate like
spin coating, precipitation, polymer adsorption acftemical grafting. The grafting
techniques have few advantages towards the classictace functionalization in the
meaning that the introduction of graft chains ihea easy and well controllable, there is
a large spectrum of functional groups that cannseried on the surface which can be
served to control the surface properties like aidimesvettability, biocompatibility and as
well for multi-functional stimuli responses. Furth®ere the covalent attachment of graft
chains to the surface avoids their depletion andhis/gain long term chemical stability
[83].

The conformation of grafted polymer chains will dad on many factors. Firstly on
the grafting technique used that can influencegtiaéting thickness and density, secondly
on the building blocks used for grafting and thyrdhe environmental conditions like

guality of the solvent, pH, T and salt concentnasi¢84].

1.3.1 Grafting of polymer brushes

1.3.1.1"“Grafting to” and “grafting from” methods

The grafting methods are generally divided to “gngf to” and “grafting from”
techniques. The main difference between them is Hmvmolecules in question are
attached to the surface of the material as showiguare 6.

In the “grafting to” method the polymer chains amaply attached to the given surface
via chemical reaction between the surface functignaups of the material and the end
functionalized group of the polymer backbone [&Sfective anchoring of polymers can
be performed only if appropriate reactive groups krcated on the surface of the
substrate. The way the surface will be modified eshejs also on the reactivity of

functional groups in the polymer chains. First aoels are functionalized by different
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chemical or physical treatments like UV, flame, lm#am treatment, gamma irradiation,
plasma treatment or by strong oxidizing acids. €heads of treatment usually lead to
formation of oxygen, nitrogen or sulphur containingctional groups on the surface of

the material.

In the next step the functional molecules contgjrdesired properties are attached to
the activated substrate. In the case when modifiyintecules do not posses befitting end
functionalized groups able of coupling with the stuéite, they need to be synthesized by
different polymerization reactions. Commonly useetimods are living anionic or cationic
polymerizations, radical group transfer and ringrapg polymerizations [86].

W+w\

Polymer Functionalized polymer

/ Polymer brushes
— +
R

Polymer with initiator
Monomer

Figure 6: Comparison between “grafting to” (up) dgdhfting from” (down) method.

The advantage of such functionalization is thatrtieéecular weight and chain length
of the polymer are well defined. The negative pointhis approach is the lower grafting
density of the surface due to the steric hindrasmog overlapping of the pre-adsorbed
polymer molecules on the surface. Additionally tain thickness is pre- defined with

length of grafted molecules and can not be fredjysted [87].

For these reasons, an alternative “grafting fron@thnod is often employed. “Grafting
from” or so called surface initiated polymerizati¢8IP) polymerization is based on
formation of thin films through polymerization of amomers from surface bound
polymerization initiators. The choice of initiattrat will be introduced on the substrate

must be appropriate for the method of polymerizatiwat will be used afterwards. In the
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case of conventional radical polymerizations (RARTRP) initiators like peroxide, azo-
initiators or photo initiators are used. As theinkare growing form the surface and the
diffusion particles are monomers, the initiatore amsily accessible and therefore high

density polymer brushes can be formed [88].

1.3.1.2Homopolymer brushes

There are different scenarios that can happen whepolymer chains are grafted to the
surface. Many factors can influence the confornmatid the anchored chains on the
polymer substrate, like quality of the solvent (pF,C, salt concentration), type of
polymers (monomers), identity and quantity of thedtional groups, etc [89].

Polymer molecules used for grafting can be cortstitdrom single or several end
grafted functional groups. In the good solvent Engactive side chains groups form
brushes, while multiple reactive sites form ratlo@ps and tails at the surface of a grafted

material (Figure 7).
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a) b)

Figure 7: Scheme of polymer grafting for a) singdtivated end- groups b) multiple activated

side groups.

Furthermore, the density of polymer chains and dqoelity of the solvent will
influence on the way the chains will graft to theface (Figure 8). In the diluted regime
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the polymer chains adopt one of the extreme cordtions; either they appear as a
mushroom like structures in a good solvent or gmmcake like structures in the bad
solvent. Namely, when there are only few long ceattached to the surface under good
solvent conditions, they behave similarly to theefrchains in the solution (expanded

coils).
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Figure 8: Conformation of polymer chains as a fiomcof solvent quality and grafting density

Another important factor is that there is no or weadfinity of polymers towards the
surface. Under good solvent conditions try to mazérthe number of contact with the
solvent and at the same time keep the chain singtett minimum. On the other hand, if
an attractive interaction exists between surfack @otymer, they tend to maximize their
interaction by flattening on the surface. When #wdvent is poor polymers try to
minimize the contact with the solvent and forms ividbal collapsed globules.
Accordingly to this, polymers in good solvents gagla larger surface area than in the
bad solvent, thus higher degree of adsorption usmdofrom poor solvents. With further

increase of grafting density the semi- diluted megiis obtained and chains begin to
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interact with each other and form surface boundeggies of different shapes and sizes,
so called pinned micelles. Additional increase ddftgng density forces the chains to
stretch normal to the substrate due to the incressmotic pressure among the chains,

which results in construction of polymer brushe3][9

Recently an immense research is being dedicatdbetstudy of adaptive polymer
brushes. These materials are able to change tbeforenation with small changes in
surrounding environment, such as light, T°C, pH aadt concentration (Figure 9)
[91,92].

T, pH, I, UV

)

m

Figure 9: Reversible collapse of polymer brush mbainder external stimulus.

The photo responsive-layers are based on incorporaf photo active groups like
azo-benzene chromophore on the surface of a stdystreat are able to react with
incoming UV light. This light source changes thenftsmation of —N=N- group from
trans to cis isomers which as a consequence causes collapbe ahains towards the
surface. The response of polymers to temperatureeuently caused by hydrogen
bonding groups in the polymer backbone. Usuallyowethe lower critical solution
temperature (LCST) the polymer is completely mikcilvith water, but when the
temperature is increased the phase separationsoaodr compact globules are formed.
One of the most used polymers in thermo adaptivéies is PNIPAM, due to the fact that
his LCST is close to the human body temperaturd. [8Biother class of stimuli-
responsive polymers are polyelectrolytes. Theucstire is almost exclusively dominated
by electrostatic reactions. They can go under dbrcipanges under pH, salt
concentrations or electric field alteration. Fregfliepolyacrylic acid based polymers are
selected for this purpose [94].
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1.3.1.3Mixed polymer and copolymer brushes

Further research in developing the adaptive susfagas through grafting of mixed
polymer brushes. The field of research is relayivedw; it dates to the end of 1990’s.
Each component of the nanostructured heterogeriagesin these systems has its role.
Besides the importance of functional groups forgpecific behaviour, the morphology of
the surface can be influenced through various satb functionalities and solvent

properties (Figure 10) [95].

Figure 10: Scheme of mixed polymer brushes graftedthe surface under a) non-selective

solvent, b) solvent selective for green chains@rsblvent poor for black chains.

In the first case both polymers are present onstiréace and surface properties are
governed by both polymers (Figure 9.a). In selecgwvlvent the unfavourable polymer
chains form clusters near the substrate, whilecti@ns facilitating this solvent remain at
the top layer and determine the properties of tme fFigure 9.b). The Figure 9.c is
presenting the situation where the solvent is loadliack chains. In this case the surface

morphology is affected by formation of pinned mieglon the surface.

The methods for synthesis of mixed brushes are osatpof two steps. First is the
insertion of appropriate initiator to the surfabattis able to induce the polymerization of
both components. In the next step the surfaceliested to a monomer solution of first
component and after certain time the substratgpssed to second solution of monomer.
The ratio of components is namely controlled byetiof grafting reaction for each. All
the classic ways of polymerization can be used;awvaw lately there is more and more
tendency in using atom transfer radical polymerra{ATRP) 'due to better molecular

weight control and lower polydispersity [96].
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An interesting work was done by Motornov et al. ][9They have grafted mixed
polymer brushes through grafting of polystyrene time first step and poly(2-
vinylpyridine) in the second step to Si wafers @otlyamide (PA) substrates. On the PA
fabric the switching behaviour was much more prowed than on Si wafer. The
wettability changed from extremely hydrophilic stab superhydrophobic state (150°)

under external stimuli.

Similar behaviour as for mixed brushes can be eesefor block-copolymer brushes
grafted on the surface of the substrate. The gnéatest in this kind of materials is raised
from the fact that the building blocks of di or-topolymers are usually immiscible
functional groups, which as a consequence alloemtto self-assemble in well organized
nanoscale periodic structures. Typically thesesateerical, cylindrical or lamellar forms,
depending on the composition of the copolymers.[98]

The applications of above described multi-compomeaierials are broad. They can be
used for changeable biomaterials, surface pattemnggnetic and optical materials,
templates for the fabrication of information stagatpvices, nanowires, nanomembranes,

imaging technologies, etc.

1.3.2 Grafting of surfactants

The adsorption of surfactants is mainly determibgdwo factors: the first one is the
interaction of the surfactant with the surface @nel second one is the hydrophilicity
/hydrophobicity. In other words, the hydrophobi@its are not soluble in the water and
therefore they prefer to adsorb to the surface. iflceease of the adsorption is also
increased with the augmentation of critical packipgrameter (CPP). The CPP is
demonstrating how tightly surfactants are abledokpat the surface of a substrate. This
parameter lies on the balance between hydrophalgidgdrophilic moieties. In aqueous
solutions the high packaging is rather unfavouralid can be artificially increased in
several ways. In order to benefit from the fact tiyarophobic interactions are leading to
higher adsorption, longer and branched or multipjerocarbon chains can be used.
Additionally the inclusion of salts reduces the uispse electrostatic forces between
surface and surfactant, leading to smaller effeatioss-sectional area per surfactant. For
this reason the neutral surfactant adsorb muchngro than for example anionic

surfactants.
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The adsorption of surfactants on non-polar surfaseshown in Figure 11. The
hydrophobic chains of surfactant interact with sleface, while its hydrophilic moieties
stay in the contact with the solution. The adsorptiree energy of surfactants at the
hydrophobic surfaces is very similar to the miealtion free energy of surfactant and in

this way the structure on the surface appearsiicelles.

oy — _

Figure 11: Adsorption of surfactants on non- pslaifaces.

Contrary, on polar surfaces surfactants adsorb thgir polar component while the
apolar tail stays in the solution. This is only gibe in a very low surfactant
concentration due to the fact that it is energ#iaanfavourable to have insoluble chains

in the solution.
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Figure 12: Adsorption of surfactants on polar stefa

Therefore with the increase of surfactant concéptrathe hydrophobic parts of
surfactants in the solution will further adsorb afmm bilayers with pre-adsorbed
surfactants as shown in Figure 12. The bilayerdareed when there is extremely strong
interaction between surfactant head group and curfd the interaction strength is
moderate, rather micelles or similar aggregates$ foiim. In the case of surfactant
adsorption to polar surfaces, micellization ocaossiderably bellow the critical micelle
concentration (CMC) of surfactants (ionic and noni¢) due to the surface induced self-

assembly [99].
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Modification of surfaces with surfactants is oftesed in different biochemical and
biomedical fields. These surfaces can be appliedséparation membranes, capillary
electrophoresis, as blocking agents in ELISA (Enesimked ImmunoSorbent Assay)
tests or for different surface chemistries whee ribn-specific adsorption of molecules
needs to be inhibited and at the same time the Milipation of specific agents
(antibodies, drugs, cells) has to be enhanced [100]

Surfactants can be basically divided into anio®D$-sodium dodecyl sulfate, PFOS-
perfluorooctanesulfonate ), cationic (DODAB-Dioataglldimethylammonium bromide,
CTAB-hexadecyl trimethyl ammonium bromide) and z&ribnic or amphoteric (betains,
sulfobetains, CHAPS (3-[(3-Cholamidopropyl)dimetiiyimonio]-1-propanesulfonate))
and non- ionic surfactants (Triton, PolysorbatspnNonic surfactants possess non-
dissociable head groups, such as alcohol, phetiodr,eester or amide. A majority of
these surfactants are made hydrophilic by the poesef polyethylene glycol chain and
are referred to as polymeric surfactants or suréate polymers. There exist two main
types of polymeric surfactants in so called “bloak” “graft” configurations. The most
used block polymer surfactants are copolymers beiwethylene-oxide and propylene-
oxide. The polyethylene oxide (PEO) is known and ohthe most used surfactants for
creation of non-fouling surfaces that will be dissed further in the 1.4 chapter. There
exist many different studies on attachment of PB&Qrarious surfaces (PP, PE, PET,
PTFE, silica). The simple physical adsorption resiilin formation of unstable layers
with a high tendency to desorbe form the surfate difect was specially pronounced for
the layer molecular weight PEO surfactants [1014ridus chemical treatments using a
lot of complex chemistry and toxic solvents werefgened as well. Additionally to
complexity of treatments, they have obtained poadgroducible results where bulk
modification of the polymers simultaneously occdrre

The most veritable tool seems to be the utilizatbspecific irradiation techniques. An
interesting way of surfactant immobilization wassanted by the group of Sheu [102]. They
have immobilized the poly (ethylene oxide) PEO actdnts on hydrophobic surfaces using
the CASING (crosslinking by activated species adringasses) technique. Low density
polyethylene (LDPE) was first coated with the PE@ than the surface was crosslinked by
Argon plasma treatment (Figure 13). They have dbkahthere was no depletion of the
surface after washing it in the case of Ar plasmaglinked surface, while the surfactants on
the surface deposited with solely physical adsomptshowed the change of surface

properties. Since than, several surfactants anddheriblock copolymers were grafted to
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polymeric and non-polymeric supports by CASING roeth
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Figure 13: Scheme of Argon plasma treatment foirthreobilization of surfactants.

1.3.3 Grafting of particular thermo-sensitive polymer: PNIPAM

Poly (N-isopropylacrylamide) (PNIPAM) is nowadayseoof the main representatives of

thermo-responsive polymers.
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Figure 14: Annual evolution of the amount of acameneferences about PNIPAM indexed in

the CAS online database.
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Since Tanaka et al. [103] discovered the phasesitrans properties of PNIPAM gel
with temperature, there is a considerable incredse/orks devoted to study of this
polymer. In the Figure 14 is shown an exponentialease of publications considering
PNIPAM and PNIPAM based co-polymers [104].

The interest of PNIPAM is its low critical solutidemperature (LCST) at 32°C, which
is close to body temperature and because of thegiarproperty it is potential candidate
for several bio- medical applications. At temperesubelow the LCST, PNIPAM is
completely dissolved in water and forms extendedictires with a random coill
conformation. The hydration of chains is enabled tbg hydrogen bond formation
between secondary amide hydrogen N-H and carbor® @roups with surrounding
water molecules. Nonetheless, when the temperatiracreased the hydrophobic
interactions predominate and polymer collapses gltwbular structures, leading its
precipitation out of water (Figure 15). This trdiwsi effect is the result of temperature
induced entropy gain from the dehydration of anmueeties and is completely reversible
[105].
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Figure 15: Reversible transition of PNIPAM chaingwemperature.

The behaviour of PNIPAM in water phase is extergiv&udied under various
external conditions (T, ionic strength, salt, prese of ions). The interest is in the
research of the protein folding that seems to henelar conformation changes at the
LSCT as PNIPAM. The phenomena of undesired proteiting are known to cause
various fatal disorders, like accumulation of anyloplaques and consequent

development of Alzheimer disease [106]. Wu et HD.7] were the first ones that observed
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a stable single chain to single globule transitioextremely diluted PNIPAM solutions
by DLS measurements. They have found out that ctlamsity in the globule state is
slightly lower than predicted on the basis of acepfilling model, meaning that there is
still some water present in the fully collapsedestéhe Rg decreased from 127 to 17.9 nm
with temperature. The measurement with a smallease of temperature displayed the
two intermediate (crumpled coil and the molten gleb states between the formations of

collapsed globule from extended random coil thatlma seen in Figure 16.

Globule

Molten globule
Crumpled coil

Figure 16: Transition of PNIPAM single chain in ematto single globule state through

intermediated with increase in temperature.

Upon the adsorption of PNIPAM to the surface, newpprties and behaviour can be
induced. Halperin [108] made a model of phase bebawf end- grafted polymers
exhibiting LCST on the Gennes n-cluster model. Hedted the transition depends on
grafting density and on the molar mass of the chairhis was confirmed by many
authors, observing that reversible transition betw&om hydrophilic to hydrophobic
states was much more pronounced with longer chamdshigher grafting densities. In

some cases the transition was negligible or coatda even observed [109].

Immobilization of PNIPAM layers on surfaces candmhieved by many techniques,
such as plasma polymerization, photoinitiated p@sgmation, atom- transferred radical
polymerization (ATPR), reversible additional fragmegion transfer polymerization
(RAFT), nitroxide mediated radical polymerizatioNMP), polymerizations on self
assembled monolayer (SAM) modified surfaces, caowalgafting by ultraviolet and
electron beam irradiation and plasma — inducedigta¥ia plasma activation or peroxide
radicals methods [110]. These various techniquese waiccessfully employed for
modification of diverse polymeric (PP, PE, PEO, FSFE, PET) [111] and non-
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polymeric (Au, Si wafers, glass, hydroxyapatite} 2] substrates. These materials can be
in the form of films, nanoparticles, membranesrmy ather kinds of supports.

Validations of temperature induced phase transtiohPNIPAM modified supports
can be monitored by different approaches. Most comnand available is the
measurement of contact angle, where the charakbtsrges from hydrophilic below the
LCST to hydrophobic above the LCST. The valuesasftact angles are reported to be
from 40° to 65° at lower temperature and raisesoup0° at elevated temperature [113].
The angle 90° corresponds to alkyne/ alkene/ allsamface energy, which implies that
the hydrophobic parts of PNIPAM are completely esqubto the surface [114]. Other
methods that were used to measure the transitiorPMIPAM are atomic force
microscopy (AFM) analyses, ellipsometry, surfacaspion resonance (SPR), quartz
crystal microbalance (QCM) or light scattering (L&8)d small angle neutron scattering
(SANS) methods for nanoparticles and nanobeadd.[115

An interesting experiment was done where PNIPAM wgaafted on PEO pre-
deposited Si wafers. First the poly (ethylene okideposition was performed with
continuous-wave plasma polymerization. After PE@eta were activated with argon
plasma in the same reactor. The activated sampdes removed from the reactor for 5
min and immersed into aqueous monomer solutionIBfAM where the polymerization
took place [116]. Surprising results were obtain dgntinues and pulsed plasma
polymerizations. The thermo-responsive behaviouPNfPAM was retained even in the
case when continues mode of polymerization was,usedever only under very low
discharge power. In the pulsed mode the time ondafy cycles governed the
hydrophilicity of the surface polymer layer [117].

PNIPAM is often co-polymerized as well with diffetesegments possessing specific
properties. This can be various pH, salt, conditgtresponsive materials like polyacrylic
acid (PAA), acrylamide, Nert butyl- acrylamide, etc [118]. Introduction of atides to
the PNIPAM backbone can also change the LCST of ploéymer. By these
modifications, better control of parameters caratieieved, that are especially important

for thein-vivo applications.

As it was mentioned above, the principle domairPbfiPAM employment is in bio
medical applications, due to the reversible tramsiof polymer chains that occurs close
to the body temperature. These properties make AMIBr a promising candidate in
many applications like temperature responsive mands, temperature responsive

chromatography, immuno-tests, controlled of drugl amowth factor release, tissue
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engineering, control of the attachment and theadtht@nt of the cells, the recovery of
cultured cells and bio-fouling releasing coatin@9JL PNIPAM can be also coupled with
various biological molecules (DNA, protein, antilieg) and can be used for the
purification of the proteins and enzymes. For exiantipe immunology tests are made by
coupling the antibody to PNIPAM molecule and makiitgthermo-sensitive. The

antibody reacts specifically with the searchedgamtiand in the next step the labelled
detection antibody is coupled. When the temperaisinacreased they precipitate and
interact with each other and by this increasing slgmal. As the signal is multiplied,

lower levels of proteins can be detected [120].

The growth of cells on PNIPAM is enhanced above iBET temperature (human
body temperature), where the polymer possessesiyobic properties. The cells attach
to the surface and proliferate. As the growth supp® cooled down, the cells are
reversibly released from the surface, without aogfarmational or functional changes
[121]. The same can be applied for reversible httent and purification of the proteins
(Figure 17). The controlled capture and releassevkral proteins, microorganisms and
cells on PNIPAM prepared with different graftingcl@iques are reported by different
authors [122,123]. They have managed to reverdifdy) adsorb various commercial

proteins like avidin, BSA, HSA, myoglobin, cyt-Cdtysozyme.

T<LCST 3 T>LCST

Figure 17: Reversible attachment and detachmeptaiéins on PNIPAM grafted substrate with

the control of temperature below and above the LCST
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1.4 Proteins and surfaces

The study of protein surface interactions gainddt af interest in the past few decades

because these interactions are fundamentally reggenfor biocompatibility of the

materials. The biological cascade of undesirabbetrens like bacterial adhesion or

thrombogenesis can be triggered by the depositioprateins on the surface of the

material. This spontaneous adsorption will occuarahteristically in order of seconds or

minutes since the foreign surface is introduced the protein solution. For this reason, it

is rarely a problem to achieve the adsorption otgins to the surface, but rather how to

prevent it. Proteins are very complex in nature sn@dnumber of factors influence their

adsorption, and consequently the prediction ofrattigons between proteins and surfaces

remains an extremely challenging problem. Althotiglh mechanisms of adsorption are

not fully understood, there are few physicochemidadracteristics that are known to

influence these phenomena [124]:

a) type of protein (size, stability, concentratibmctionalities and protein-protein
interactions),

b) surface free energy (hydrophilic/ hydrophobitahae/ polarity),

c) surface charge and related electrostatic intierss;

d) type, thickness, density, adhesion and mollityurface functional groups,

e) micro and nanotopography features and roughness,

f) time dependant unfolding,

g) Vromans effect,

h) Biological surrounding: pH, salts, temperat@te,

1.4.1 Protein-surface interactions

The thermodynamic principles governing the adsormpinvolve number of enthalpic and
entropic terms that are either favouring or resgsthe adsorption:

AaddG= A agsH— TAagsS <0
G, H, S and T stand for the Gibbs energy, enthadpyropy and temperature of the
system, whileA,gsindicates change in thermodynamic functions ofestasulting from
the adsorption process. The enthalpy part invointsmolecular forces such as van der
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Waals forces, Coulomb forces, Lewis acid-base ®whkereas the entropy part is based
on hydrophobic interactions, conformational entropgd restricted mobility. The

adsorption will occur when the change in Gibbs €6¢rgy becomes negative and will be
a net result between attractive and repulsive actens between the surface of the

material, protein molecules and the solvent (Fidi8k

Attractive interactions: .
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Figure 18: Scheme of attractive and repulsive fogmverning the adsorption of the protein.

In general protein adsorption is believed to odtwough several equilibrium states.
First the proteins are transported towards theasarfwhere they reach and energetic
boundary layer, attach to the surface which canfdilewed by some structural
rearrangements of the protein or they can be detheimd transported away from the
surface. The simplified scheme is shown in Fig@@elOuring the adsorption step, protein
may rapidly unfold on the surface in order to adegpénergy to the new environment; all
the proteins will actually partially unfold uponsadption. The adsorption it self happens
in microseconds to milliseconds, while relaxatiagm@nds much longer periods, from
hours to days. In the case of very strong surfaotem affinity, non-equilibrium states

can be retained or in other words they irrevers#ugorb to the surface [125].

The first layer of proteins can be adsorbed rebbrsir irreversibly, while the second
layer tends to adsorb reversibly due to little or affinity among the proteins. Most
authors are explaining that this phenomena is fgbaainly due to the retention of
hydrated water by the protein molecules, preventioge interactions in the solution
[126]. The reversible adsorption is often observath smaller molecules, while the
adsorption of big molecules like randoem polymeisc rarely reversible. This behaviour

arises from the fact that they posses many actigs that are ablejto.adhere to the surface
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and even if it will loose contact at one point illvee still attached through many other
segments. Proteins are polymers as well, howewatrany to free polymer chains they
form highly regular compact states with little filekity. When they come into contact

with the surface they do not unfold completely Ip@ymers, therefore their detachment
becomes feasible due to much lower number of ctstaith the surface [125]. Most of

the surfaces (substrates and protein) are hetezogenn charge, in H-bond affinities and
hydrophobicity. This means that the proteins walaet with surfaces in different ways
and the orientation of the proteins on the surfagiisbe affected. The adsorption of

proteins will be also influenced by pre-adsorbedemales in the nearby sites, either by
geometrical or repulsive forces. Also the highdlt e the bulk concentration the greater

amount of protein will adsorb [127].

-« o ©o
e e

9

——

Figure 19: Adsorption paths of protein to the stefea) protein adsorption- desorption, b) lateral
mobility, c) dissociation of a protein attachedatwother protein, d) reversible denaturation and
changes in protein conformation, e) dissociationtied altered protein, f) denaturation and

irreversible adsorption and g) exchange of protBms solution.

Another important factor is protein conformatiostdbility in native state, the relative
amounts ofi-helixes ang-sheets, the overall hydrophobicity and electradarge under
the conditions. If the protein is weakly stablevili be preferably adsorbed to the surface
because of the conformational contribution throaglsorption in increase of entropy.
Proteins are just conditionally stable under bedtvemt conditions and even a small
change in pH, T°C, addition of denaturants wilkatftheir stability. This is exactly what
happens when a solid surface is exposed to theoagu®otein solution, the equilibrium
is broken. Therefore proteins with low stabilityIwadsorb and release their native
structures. Adsorption is driven by the increaseha conformational entropy of the

protein. The hard proteins go through minor conftional changes under the conditions
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that they are adsorbed to the hydrophilic surfdd@8]. It can be said that how the
surface will be covered depends on many factorh asghysical and chemical structure
of the protein and the surface, thermodynamicsntdractions and kinetics of mass
transport. Because the adsorption is influenceddosnany parallel and consecutive steps
there are many new microenvironments that can éated and the adsorption becomes
history dependant, leading to possible differeatits in the same systems [129].

1.4.1.1Protein structure and properties

Proteins are linear polymers formed by linking ¢hearboxyl group of one amino acid to
the a-amino group of another acid with a peptide bontese peptide residues are
forming the (- NH- CHR- CO-) where R is standiray the various side functional
groups-amino acids. These side groups are constifrdm up to 20 various amino acids,
which can be polar, apolar or charged. This isedaffrimary structure of the protein,
demonstrating the amino acid sequence (Figure .2Brapary structure spontaneously
folds to very regular secondary structures presebjealpha helixes or beta sheets. The
coiled a-structure is stabilized by intrachain hydrogendmhetween NH and CO groups,
while B-sheets are stabilized by hydrogen bonding betwegépeptide strands. The next
step is folding of secondary structures into teytistructures where it comes to spatial
arrangement of amino acids that are far aparterstquence (Figure 20.b). (Figure 20.c)
[130].

Beta sheet Alpha helix é é
) \ / RS RS

- O
I
a b C

Figure 20: Structure of protein; a) primary struet@peptide bond), b) tertiary structure
(composed of secondary structure presentinigelixes andp-sheets), c)quaternary

structure(aggregation of subunits formed in tertiary stouej.
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This folding to tertiary structures enables theatiom of active sites that are able to
perform biological functions. Last conformationcialled quaternary structure that occurs
in some cases where multiple stand proteins (tgrtsabunits) aggregate and form
oligomeric proteins In general proteins fold theetves into globular or fibrous forms.
Globular proteins are compactly folded, while tilanientous are elongated. This fact
will influence their stability and consequently tthegree of conformational changes upon
their adsorption on the solid surfaces [131]. Thé&dihg to tertiary and quaternary
structures is governed by hydrophobic effect, whitre free energy in the aqueous
solution is decreased by burring of non-polar fioral groups inside the protein. For this
reason the proteins are generally constructed abtlie hydrophobic part presents the
core of the protein, while polar residues stay loa gurface in contact with the solvent.
However, in most of cases the protein surface mpased of polar and apolar parts
(amphiphilic), where hydrophobic patches presem third of the surface coverage and

polar parts between 25- 50%.

Furthermore, within the same protein the side chaan be acidic or/ and basic
making the polypeptide amphoteric. The overallatefcharge of the protein will depend
on the pH of the solution and will have zero nearge at its isoelectric (pl) point.
Usually 15 to 40% of protein surface is charged2]13he non uniform distribution of
amino acid residues on the exterior of the protewlecules, the overall geometrical
asymmetry of proteins, and the existence of patahdéise protein surfaces with different
properties makes the proteins extremely surfadeeaas demonstrated on the Figure 21.
The favoured bonding of certain types of residudsalso influence the orientation of

the biomolecules, which is important for immunobkadireactions [127,133].

. Hydrophobic patches

E Hydrogen bonding regions

: lon rich regions

@ @ . Other bonding regions

Figure 21: Demonstration of possible routes fotgiroadsorption reactions.




Introduction 41

Protein aggregation can occur at all steps in thaufacturing process (cell culture,
purification and formulation), storage, distributi@and handling of products. It results
from various kinds of stress such as agitation axgosure to extremes of pH,
temperature, ionic strength, or various interfa@eg., air-liquid interface). High protein
concentrations (as in the case of some monoclam#bamly formulations) can further
increase the likelihood of aggregation.

The protein folding and unfolding is “all or non’rqzess that results from a
cooperative transition. If there is one part of getein that will be unstable under
exposed conditions (temperature, high solute cdretgons, pH extremes, mechanical
forces and presence of denaturants) the interabgomeen this disrupted part and the rest
of the protein will be destabilised. Thus condisdhat lead to disruption of any part of a
protein structure will likely to unravel protein ropletely. Inappropriate protein
conformation can result in pathological conditiared is associated with various prion
related neurodegenerative diseases, like Creutzfakbb disease, bovine spongiform
encephalopathy and amyloid related neurodegeneralinvesses such as Alzheimer
disease, Huntington’s disease and Parkinson dis&éaseappearance of these diseases is
assigned to multimerisation of misfolded protem® iinsoluble, extra cellular aggregates

and/or intracellular inclusions [134].

1.4.1.2Influence of surface hydrophobicity and hydrophiliaty on adsorption

When a solid material is exposed to the proteintsm they will tend to adsorb and
saturate the surface. In the case of hydrophobitacei the proteins adsorb through
different hydrophobic patches on the protein s@fdc the next step the protein will want
to unfold on this surface by spreading his hydrdpbh@ore on the substrate in order to

reduce the net hydrophobic surface area of thesyst the solvent.

The unfolding of protein is accompanied by the as& of water molecules from the
interface leading to an entropy gain of the syst®mthe other side hydrophilic surfaces
want to interact with the polar and charged fun@ilogroups of the protein surface,
however in this case proteins have much lower tecyle¢o irreversibly unfold on the
surface [135]. In both cases the changes in the stahydration have a large impact.
Namely the water molecules in the solution arengflp bonded to the proteins and
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surfaces through electrostatic interactions ineclgdhydrogen bonding, rendering the
polar groups solvable in water. If the surface giratein and support are both polar their
hydration is favourable. In this case it is possithat there is some water retained
between the surface of substrate and the protelaame which will prevent or diminish
the adsorption (Figure 22) [136].

With polar surfaces it is very important to knove ttifference between “hard” and
structurally unstable “soft” proteins. The “hardopeins will adsorb on them only if they
are electrostatically attracted, while “soft” priotgo through abrupt changes resulting in
the increase of conformational entropy large enotghcause their adsorption to
otherwise electrostatically repellent surfaces [13& it was reported the adsorption of
proteins on hydrophilic surfaces is mainly dueh® €Coulomb forces, therefore the design
of non- fouling material is often based on polad &tectrostatic neutral surfaces [138].
Generally it is observed on hydrophilic surfaceattthe thickness of a monolayer
obtained by ellipsometry, light scattering, viseostry, scanning probe microscopy or the

surface force techniques corresponds to the diaroktetive protein [139].

Difusion

Adsorption and dehydration

Denaturation

Figure 22: Adsorption of protein on a polymer soefathe diffusion of hydrated protein toward

the surface, adsorption and dehydration and rataxaf protein and its denaturation.

Apolar groups on the contrary, do not have posgitidr such favourable hydration
interactions and are expelled from aqueous envieminThe presence of apolar patches
on the protein surface leads first to the dehydnaéind consequent protein adsorption that

is accompanied by the release of hydrophilicalljurdmb water molecules from the
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interface, leading to an entropy gain of the systdime protein can relax upon the
adsorption if long enough time of contact is preddtherefore it is possible that the
proteins will aggregate on the surface. Howeves #ggregation on the surfaces usually
stops with the growing of the second layer, becélisee are not as much conformational
changes of proteins that are adsorbed to irredgrsibanged first protein layer. The
growth of third layer will be prevented due to tloev affinity of proteins among them
selves, probably due to the thin hydration layeuad their surface [140]. For example it
is general rule that proteins adsorb stronger antigher quantities on the hydrophobic
surfaces, but this was reported to be true in thatisns with high concentration of
proteins, so that the mass transport is much hittser the rate of protein spreading and
reorientation on the surface. For the hydrophilicfaces quite opposite effect can be

noticed; they can adsorb in higher amounts thathemydrophobic surfaces [141].

1.4.1.3Influence of charge on adsorption

Generally both molecular surface and protein agetetally charged. In aqueous medium
they are surrounded by counter ions that neutraheesurface charge. These charge—
charge interactions between the surface and thteipreesult in an electric field overlap.
Electrical double layers will enhance the electbstinteractions if the protein and the
surface have opposite charge or repulsion if thergehis the same. Maximal adsorption
occurs when the charge density of the protein nesta@xactly to the one of the surface
which results in a zero net charge at the contegion. Figure 23 is showing charge
distribution for the system before and after adSonp[142]. The adsorption (to lower
extent) can be observed as well on the surfacésctimaain the same charge as protein.
This indicates that global electrostatic forceshaitt a doubt affect adsorption but do not

necessarily dominate it [143].

The electrostatic interactions will be stronglyliminced by pH and ionic strength of
the solution. At low ionic strength cationic pratei bind to anionic surfaces and
reversibly. The major driving force for this evesithe combination of ion- ion enthalpic
interactions accompanied by entropy gain for reddaunter ions and water molecules.
However these interactions are greatly diminishgohgsiological conditions, due to the

weaker electrostatic interactions, shielding oft@iroionic groups and greater stability of
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proteins [144].

Figure 23: schematic presentation of charge digioh a) before and b) after the adsorption; +/-

charge of the protein and substrate surf @'f =) charge of electrolyte ions.

For most of the proteins the adsorption is maxiataheir isoelectric points, because
here the protein-solvent interactions become lesmgourable and protein-protein
interactions more favourable, due to the zero hatge between them. At the pH far from
pl of proteins the formation of double layers igywékely to be retained, due to the
electrostatic repulsions as the charge on protaiiases becomes more important. On the
other hand the proteins are most stable at iteiglsérong conditions of the solutions may

lead to its denaturation and increased adsorptienta the lost of their stability [145].

1.4.1.4Influence of surface topography and roughness on adrption

Current trends in research of biomaterials inclutle research of surfaces with
topological features at nano-scale, up to 100 nine &ffects of micro scale topography
on cellular responses are rather well explonmedvitro from physico-chemical and
biological aspect [146,147]. Recently few studippeared that revealed the influence of
nano-topography on protein adhesion and consequaigked cellular responses [148].
The reports how surface topography influences th&temm adsorption are non-

consistent. One of the reasons is the differenbseale features that can be created on the
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surface which will affect the amount and conformiatiof the adsorbed proteins. The
characteristics of topographic features include ghmess, curvature and specific

geometrical features.

Dynamic interactions between nanoscale surfacepeotdins are complex due to the
combination of attractive and repulsive forces the¢ governed by local changes in
surface properties, including its chemistry. Loeatttability of the surface is also
modulated and this may induce the different degdegeometrical packaging of the
proteins [149]. The overall effect of surface rongés from different reports available is
not clear at this moment. Some reports suggesthiaimount of protein adsorbed is not
or very moderately affected by the surface roughmathout conformational changes of
protein [150]; on the other side few reports reviegh augmentation of the proteins

adsorbed and abrupt changes in their conformatipna adsorption [149].

It was stated as well that proteins with dimensiorthe same order as the surface
roughness are not conformationally altered by tméase and proteins with dimensions
much smaller or much larger change upon adsorptibh]. Cai et al. [152] investigated
the adsorption of proteins to surfaces with différeoughness. They found no linear
relationship between the surface roughness anceipradsorption. Other study of
topography influence on adsorption of A and F-aatas performed by Galli [153]. They
have seen that more F-actin adsorbed on the flabrsi surface comparing to the
nanometer groove structure due to the inclinatibf--actin on these features. On the
other hand for globular A-actin there were no dédfeces of adsorption behaviour or

activity observed on different surface topographies

The study of nano-topography influence on proteosoaption is still under
development and a limited knowledge is known alibig topic. It can be said for sure
that nano-topography can have significant influeoeehe protein adhesion, where their
size and shape play an important role. Furthernioeesame nanostructures appear to
have different influence on different proteins.deaneral, introduction of tailored nano-
topographies in biomedical devices presents amciiite route to improve their
performance for various applications. As all bioamiles possess three dimensional
conformations and are not just planar the insemibtopography on the material surface

enables “mimicking” their natural environment.
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1.4.1.5Protein adsorption from multi-component solutions

In complexes biological medium like blood, plasroarebrospinal fluid (CSF) or other
body liquids, there exists a wide variety of diffet proteins. As a consequence, these
proteins compete among them selves for the adsorpgt the exposed surface. An
important factor is a mass transfer towards thefasar which depends on the
concentration of individual protein in the solutiand is inversely related to its molar
molecular weight. Namely the more concentrated smdller proteins arrive first to the
surface and can be later replaced by larger potander the condition that they are able
to form stronger interactions with the surfacesA|19 his effect is referred to as Vroman
effect and was first described by Vroman and Ad§bas] (Figure 24) for fibrinogen
adsorption from blood and plasma. They have notighdn the artificial material was
exposed to biological liquid, a rapid adsorptionathumin occurred, which was later

replaced by higher molecular weight proteins likeihogen and kininogen.

Figure 24: lllustration of the Vroman effect; regganent of protein adsorbed on the surface by

higher molecular weight protein exhibiting strongerding affinities for the surface.

However, this is true in the case of protein int@oa with hydrophilic surfaces as
there are weak conformation changes of protein utide adsorption, while for the
hydrophobic surfaces the adsorption is often im&bée and the protein can not be
replaced by another. As well, higher stability protwill be desorbed more easily as their
relaxation on the surfaces is much lower than i tlase of “soft” proteins [156].
Therefore the adsorption of proteins from multimgamnent solutions will be dependant
on time, concentration, type of protein and thdaa@. Depending on these conditions,

the surface will be composed of higher degree dhueprotein on account of decreased
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adsorption of others regarding to the bulk solutiewen though it is present in much

smaller concentrations [157].

1.4.2 Protein resistant surfaces

The adsorption of proteins can be diminished byeeithermodynamic or kinetic control.

Thermodynamic control refers to the alteration bé tinteraction potential between
protein and the surface by eliminating the attxacinteractions between them. Kinetic
control can be achieved through slowing down the @ protein adsorption by high

potential barriers for the interaction, for exampieintroduction of long range repulsive
forces through polymer grafting [158]. The effioignof the polymer brushes to prevent
the adsorption of the proteins was studied themakyi by Halperin, Jeon and Szleifer
[159]. Halperin proposed that the adsorption wilpdnd on the grafting density of
polymer and that there are three possible situstddrattachment that need to be avoided:
a) adsorption of protein to the outer edge of theslh due to the protein- brush interaction
via Van der Waals or electrical double layer aticag

b) adsorption of proteins upon compression of pelyfm for large proteins

c) adsorption to the surface due to the diffusibproteins through the brushes to the

substrate as shown on Figure 25.

a) b) c)

Figure 25: Modes of protein adsorption on polymasshes: a) adsorption at the edge of the

brush, b) compressive mechanism and c) invasivdamsm.

Accordingly -to-thermodynamic-equation(G= A agsH- TAagsS '<0), the functional
groups on the surface should be lower in enthalpgmbound to the water than when
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bound to protein. Considering entropy the functi@raups must be able to maintain the
higher state of system entropy when bonded to w#tean when bonded to proteins to
reduce the restriction in the configuration stetéQ]. Also for this reason most of the
non-fouling surfaces are based on synthesis otegtafurfaces with highly hydrophilic
functional groups. These are in most cases neptigimers like poly(ethylene glycol)
(PEG) or poly(ethylene oxide) (PEO), polysacchari@gerivates of cellulose, dextran,
agarose and hyaluronic acids), poly(acrylamide) ARA\ poly(2-hydroxyethyl
methacrylate) (PHEMA), N-vinyl pyrrolidone (NVP) dnpoly(2-methyl-2-oxazoline)
(PMOXA) or zwitterionic polymers like phosphoryl @ime [161,162].

There has been a great amount of studies and geginoposed, however the highest
amount of attention was given to the study of PEG BEO and their di or tri- blocks
(PEO-PPO-PEO, PLL-PEG) copolymer coatings [163].ghHi resistant protein
behaviour of these polymers is prescribed to theers¢ factors: high hydrophilicity
(internal and external), high excluded volume,istegpulsion of the proteins due to the
flexible chains, favourable enthalpy for the intg#i@ns of polymer chains with water
comparing to the protein. Studies of oligo (ethg@@hycol) (OEG) SAM-s layers showed
that the density and length of the chains haveeatginfluence on non-adsorption of
proteins. Most of the reports are showing bestltesuth long and highly dense graft
chains, however some authors obtained very effigiesistance also with short densely
grafted (1nm) PEO and PEG chains, indicating thatchain length does not seems to be
a predominant factor leading to protein resistantages. As well it was shown by some
groups that too long OEG chains were not as perf@gmwhen the grafting density was

too high due to the limited mobility of chains [164

- - Protein

® Water molecule

Figure 26: Scheme of protein repellent polymertgdhsurface with extremely hydrated chains.
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Introduction of high density hydrophilic PEG chaittsough the side chains (poly
(oligoethylene glycol) methacrylate (POEGMA) showkdh protein resistance for
various proteins due to the extremely good intedratjon of the chains (Figure 26).
[165].

Another study [166] was made where they have medlii8 SAM layers by different
functional groups and systematically studied theogation of lysozyme and fibrinogen as
a function of surface coatings. They have statatlttie surface in order to be non-fouling
should be hydrophilic, possesses hydrogen bondptmrse should not posses H bond
donors and finally should be neutrally charged. &hsence of hydrogen bond donor can
not be followed as a general rule, because as amaatiabove oligo glycols contain these

groups that are known to be highly non-adhesive.

Another treatment that was found to exhibit no egligible adsorption of various
proteins like BSA, HAS, Lyz, Cyt C, fibrinogen anthyoglobin is poly (N-
isopropylacrylamide) PNIPAM grafted layers undes ECST. When the temperature
increases above the LCST they adhere to the delegdRNIPAM surfaces and their
affinity can be rather reversibly controlled by nga of temperature. The detachment
reported varied between 60 % and 100%, where 100%esponds to complete
detachment of proteins [167,168]. These reverdibleviour of protein adsorption on the
PNIPAM and PNIPAM based grafted surfaces is ofteedufor purification of proteins
and nucleic acids (DNA, ssDNA and RNA), membrandiincations and gene delivery
vectors [169].

1.4.3 Physicochemical properties of specific proteins: pon protein,

Tau and a-synuclein

Prion protein related ilinesses include diseades flatal familial insomnia, Gerstmann-
Straussler- Scheinker syndrome and Creutzfeld-Jdisgase (CJD). Different forms of
prion proteins can exist in the nervous system. fibemal cellular form (Pf® and

infectious form of prion protein (PP® called s well scrapie prion protein. The
mechanism of transformation is not yet completetgarstood, but is believed that the
PrP° induces further misfolding of normal cellular mist These misfolded forms
accumulate in the brain and destroy the nerve.c€&hg cellular and infectious forms

differ just in their conformation; the normal céflu PrP has alpha helix content around
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42% and negligible beta character 3%, while thedtbus form possesses 43% of beta
rich sheets, while the amount of alpha helixes dishies to 30% (Figure 27) [170].

Figure 27: Three dimensional structure di*P%) and a model proposed for PY(B).

Another protein involved in development of neuroelegrative diseasesassynuclein.
Solublea-synuclein can aggregate and form insoluble filnéfferred to as Lewy bodies
and enhances the evolution of pathological disedikes multiple system atrophy,
dementia with Lewy bodies and Parkinson’s dise&smucleins are relatively unstable
proteins, composed ai-helixes and beta sheets in equilibrium (Figure. 28hen this
equilibrium is interrupted, there is a strong e in beta sheets, suggesting that this
could be responsible for aggregation and fibritima of a-syn. The primary structure of
a-syn is divided into three main domains: residuesnf1-60 (N-terminal region) that is
dominated by-helix sequence, 61-95 residues (central regionyisted of hydrophobic
parts involved in protein aggregation and 96- ld€idues (C-terminal region) without
special conformation structures that is highly acahd rich with proline [171].

Figure 28: Three dimensional structurexegynuclein.
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Tau protein is soluble microtubule associated pmatgat is found mostly in neuronal
cells. The role of Tau protein is to stabilize thigrotubules and when this stabilization is
defected the Tau proteins aggregate in human laath form neurofibrillary tangles
(NFTs). These tangles are formed by hyper phospdtooyg of Tau protein (pTau) and
self- assembly of paired helical filaments (PHAH)eTost known “Tauopathy” nowadays
is Alzheimer’s disease. Tau protein exist in sigfasms, distinguished by number of
binding domains, making their size vary between 8@ 441 amino acids. Next to the
abnormal levels of pTau found in the cerebrospifiaid (CSF) of patients with
Alzheimer’s disease, there is also subtype of aidyeta peptide (B-42) that is used for
diagnostic purposes [172]. Some basic charactsisti studied proteins are gathered in
Table 3.

Table 3: Properties of representative proteins

Proteins/ Prion protein a- syn Tau protein AB

properties PP  PrF PrP° o o' Tad*® pTau  Tal*™ Ab42

pl 9.8 58- 46 47 4651 471- 5565 55
6.5 6.9

Size (AA) 218 231 140 441

form filament filament filament

Hydrophobicity Hyl Hyb  Hyl Hyb

1.5 Summary and outlook

As it was presented in this chapter, many matedaisbe used for different biomedical
applications. Nevertheless, in order to satisfy ¢tbaditions of biocompatibility, their
surface needs to be modified. The final prospecthef material will determine the

properties of the surface and the strategy chaseitsfmodification.

Our work will be focused on development of antitiog surfaces for specific proteins
(Tau, prion ando-synuclein) in their recombinant, native and iniees forms. The
recombinant forms of proteins are well defined iagle protein solutions, while native
and infectious forms of these proteins are (inrthmeatrix) with other biomolecules
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present in the body fluids like blood or cerebragpifluid (CSF). The prevention of
adsorption of these proteins is important for fartdiagnostic tests, because the level of
the infectious proteins in body fluids is alreadgremely low, under the detection limit
of the available tests. Up to 70% of these protaimesadsorbed on storage tubes in 24-
48h, which is usually the time between samplestaten and analyzed. To achieve this
goal, two different types of treatments will be disEirst the inert hydrophobic surfaces
will be made through one step functionalization @k, plasma treatment. The second
way will be through two step functionalization, wlesubstrates will be activated by
helium plasma treatment and subsequently graftéd molymer or mixture of polymer
and small molecules. There will be three differentitings used, each chosen for its
specific physicochemical properties.

In the first case, a neutral hydrosoluble polymealy{N-isopropylacrylamide)
(PNIPAM) has been grafted on the surface due taliifity to control the molecule
adhesion by change of temperature. The secondhanithitd substrate have been grafted
with a mixture of PNIPAM and surfactants cetyltritmgammonium bromidgCTAB)
and polyoxyethylene (20) sorbitan monolauréteveen 26). The lattersurfaces are
predicted to have various advantages in the formmiaficking of proteins by adjustment
of surface functional groups, charge and topograpiyproteins normally do not tend to
aggregate among themselves, these surfaces cagdnprpotential solution to prevent
adhesion. Finally, in multicomponent solutions #asorption of undesired proteins could
be facilitated by adjusting the properties of sgaresolution (ionic strength, pH, T),

leaving the proteins in question intact in the medi
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2 Experimental part

This chapter is describing methods used for devedsp of non-adhesive surfaces
towards the specific neurodegenerative agents lagid ¢haracterisation. In the first part
the polypropylene plates were modified in weaklyized, highly dissociated, low-
pressure radio frequency (RF) plasma of tetraflo@ihane (CE and helium. Helium
plasma activated supports were coated with thierl@f polymer or mixtures polymer-
surfactant. Various surface analyzing techniquesrewemployed to study the
characteristics of modified polymers. Plasma phaae monitored by optical emission
spectroscopy (OES) and actinometry measurements. Wéttability of samples was
measured by contact angle method, chemical comgosity x-ray photoelectron
spectroscopy (XPS) and surface morphology by atdarme microscopy (AFM). In the
second part the optimally prepared samples weresexpto various protein solutions and
their interaction was followed by XPS analyses andfocal microscopy. Finally the
third part of this chapter presents the protocots fmmunodetection of the
neurodegenerative agents (recombinant and in aseimal fluid- CSF) stored in treated
Eppendorf tubes by Enzyme-linked immunosorbent ya$g&aISA) tests. The plan of
experimental work is presented in Figure 29.
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Figure 29: Outlined plan of experimental work; apstrate functionalization, b) protein coating

and c) biological validation of Eppendorf tubes.
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2.1 Functionalization of supports

2.1.1 Plasma treatment

Plasma treatment experiments have been performdédeimischarge chamber shown in
Figure 30. The chamber is made from stainless ateglhas inner dimensions 28.5x13.8x
23.5 cm. The flat rectangular electrode is powered by adRRerator via a matching
network. The RF generator operates at the induBtguency of 13.56 MHz and the output
power up to 600 W. The system is pumped with acmddecular pump with the pumping
speed of 250 I/s backed by a two stage oil rotampwith the nominal pumping speed of
25 nth™. Pressure is measured with a baratron attachebetalischarge chamber. The
ultimate pressure in the system is about xhbar. Gases are leaked in the system through
flow meters. The experiments were realized by dptition of the following treatment

parameters:

- discharge power (P, W)
- gas flow (0, sccm)

- time of treatment (t, min)

- type of gas

Figure 30: The experimental setup. 1 — dischargentler, 2 — turbomolecular pump, 3 — rotary
pump, 4 — vacuum gauge, 5 — RF generator, 6 — ingtetetwork, 7 — powered electrode, 8 —
sample, 9 — optical fiber, 10 — optical spectrometté- high pressure valve, 12 — gas flask.
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The experiments of plasma treatment were perforagedollows. The polypropylene
supports and Eppendorf tubes (both produced by EBDAnnecy) were washed in the
ethanol solution under ultrasound for 15 min angddiover night under laminar flow.
Cleaned samples were mounted onto the bottom afisicearge chamber. The chamber was
closed and pumped by the rotary pump until thespresaround 1xIdmbar was obtained.
Afterwards the turbomolecular pump was turned ot ttwe pressure dropped significantly
until it reached the pressure of 1®l@bar, typically after 30 min of pumping. Either
tetrafluormethane or helium gases were then intedunto the discharge chamber. The
discharge was created at the power between 10@hdV]l whereas the time of treatment
varied between 0 min and 10 min for Gfeatment and between 0 min to 3 min for helium
plasma activation. The flow of Glgas was varied form 10 sccm to 40 sccm and tinedfo
helium gas from 15 sccm to 90 sccm. After the ineait the discharge power was cut off
and the reactor chamber was set back to the atmsgressure. The samples were taken

out from the discharge chamber for the furtherttneats and analyses.

2.1.2 Preparation of immersion solutions

Three different types of aqueous solutions comaginpolymer and polymer/surfactant
mixture were prepared for the immersion of the umliplasma activated samples.
Commercial poly(N-isopropylacrylamide) (PNIPAM) witM= 20000-25000g/mol was
provided from Sigma Aldrich. The crystals were tBldi in distilled water and agitated
with magnetic stirrer for 3 h at room temperatuRd ) until it completely dissolved. The
concentration of PNIPAM solution was adjusted betw@.001 g/L to 10 g/L.

The second solution is a mixture of PNIPAM and lgexgl-trimethyl-ammonium
bromide (CTAB, Sigma Aldrich). CTAB is a surfactanblecule with molecular weight of
364.45 g/mol and critical micelle concentration (CMequal to 1 mM. The CTAB powder
was diluted in distilled water under ultrasound 1dr at 40°C. For classical grafting tests
CTAB was prepared at the c= 1 mM and added to PNIRAlution with c= 0.5 g/L at the
volume ratio \étas/Venipav= 1:1. This mixture was stirred for at least onarbwefore using
at room temperature. From now on it will be reféneas MIX I.

The third solution is composed of PNIPAM and polyethylene (POE 20) sorbitan
monolaurate or commercially known under the nameém26. Tween 26 M= 1227.54qg/
mol, CMC= 8.04x10) was provided from Sigma Aldrich and diluted i tlistilled water
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to the concentration of 5@/L, or 0.05% at room temperature. Afterwards PNWPAt the
c= 0.5 g/L was heated up to 28°C and the Tweéh 2ution was added in 1Ween
20/Venpav= 1:1. The solution was agitated with magneticrestifor 2 h at elevated
temperature and used hot for further grafting. iNlceease of temperature for this mixture is
needed due to the low affinity of neutral polymtessard the neutral surfactants. Namely the
increase of temperature will induce the reorieotattf PNIPAM chains and consequently
the self assembly based on hydrophobic interactansoccur. A name MIX |l was applied
to this mixture.

For the study of polymer to surfactant ratio thelutsons were prepared at
Npolyme/Nsurfactare 1/5, 1/10, 1/50, 1/100 and 1/1000 for MIX | an@,11/10, 1/25, 1/50 and
1/500 molar ratio for MIX Il. The molecular formsalaf PNIPAM, CTAB and Tween 20

are presented in Figure 31.

a) b) c)
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Figure 31: Molecular formulas of a) poly(N-isoprdggrylamide), b) hexadecyl-trimethyl-

ammonium bromide and c) polyoxyethylene (POE 2@itan monolaurate.

2.1.3 Surface grafting

The helium plasma activated samples were taken fdistharge chamber and
immediately immersed into PNIPAM, MIX | and MIX #olutions. Typical time between
the exposure of samples to air and their immeraias well below 30 s.

In order to optimize the grafting parameters of PAM, the helium activation
conditions were fixed to P= 75 W= 30 sccm and t= 3 min, whereas the immersion was
done in solutions with different PNIPAM concentoais between 0.001 g/L and 10 g/L
for 2 h. After that time the samples were takenajfigolution and immersed into distilled
water for a short duration (around 5 seconds) ameddinder laminar flow at room
temperature over night. In the next step the smutioncentration was fixed at 2 g/ L and



Experimental part 58

the time of dipping varied from 5 min to 300 min tbhe same plasma parameters. Finally
the study of plasma treatment time on grafting BfFFAM was done. The helium plasma
was created at P= 75 W ardg= 30 sccm, while the time of treatment varied betwe@
and 180 s. The solution concentration was fixe@ atg/L and the time of immersion to 2
h.

The grafting of MIX | was performed after 60 s @libm plasma activation at P=75 W
and®= 30 sccm, whereas the time of the immersion waslptermined to 5 h. In the first
part of the experiments the influence of polymet sarfactant concentration on the grafting
were studied. Concentration of PNIPAMyfGvas fixed at 0.5 g/L and concentration of
CTAB (C) was changed between 0.1 and 2 mM or the contientiet CTAB was fixed at
1mM and concentration of PNIPAM changed betweer? Gd 2 g/L. Likewise for
PNIPAM, the influence of plasma treatment time (0 480 s) on surface modification was
studied. The variations between the polymer anhaiant concentrations were done with a
purpose to observe at which conditions it wouldpossible to obtain structured mixed
micelles like suggested in Figure 32.

%%

Concentration of surfactant

Figure 32: Influence of surfactant addition on se§sembly of protein and surfactant and

formation of mixed micelles.

Similarly to PNIPAM and MIX |, MIX Il was graftedot helium activated samples after
180 s of activation at P= 75 W arek= 30 sccm. The dipping in the solutions with
different concentration ratios between PNIPAM ande&n 28 lasted 5 h at the
temperature of 28°Clhe concentration of PNIPAM (L was fixed at 0.5 g/L and the
mass fraction of Tween 20(Ws) varied between 0.01% and 0.1%. After that the
concentration of Tween20was fixed at 0.05% and concentration of PNIPAMngjed
between 0.02 and 2 ¢/L. In the following step tle&vation of PP plates with helium
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plasma was varied between 0 s and 180 s, beforamtimersion. All substrates grafted

with MIX Il were rinsed with warm water and drietledevated temperature.

2.2 Characterisation of plasma by optical emission sp&oscopy
(OES)

Optical emission spectroscopy was usedriesitu diagnostics of excited species present
in the plasma discharge as a function of dischpagyameters. In this work an optical
emission spectroscopy of ¢Bnd He plasma was performed by using JOBIN YVON
TRIAX 320 monochromator with a focal length of 3&.cThe photons are detected with
CCD camera with a spectral response in the range fi80 to 1000 nm. The
spectrometer is equipped with two high resolutidgfrattion gratings (1200 grooves/mm,
0.05 mm), where the first one is centred at 250anchused mainly for the measurements
in the UV region (180 nm to 400 nm) an the second i8 centred at 500 nm, used for
measuring in the visible and near IR region (400 twm1000 nm). Plasma glow
luminescence is detected through an optical winbioked by an optical fibre to the input
of JOBIN YVON HR 320 spectrometer. Signal is thenpéified by HAMAMATSU
R928 photomultiplier and processed by the softw@ession 3.2, JOBIN YVON). The
spectrometer is linked to the controller SpectiallOBIN YVON to control and to

process data.

Quantitative analyses of the species concentratidghe initial state were evaluated by
actinometrical measurements, where 2% of Ar gasadded to the feed gas of the plasma.
The principle of the method is described in thdofeing lines. The electron impact
excitation reaction of the ground state is € X— X* + €, where X is the species of
interest. Excitation is followed by emission of pira X*— X+ hv. The emission from the

excited state can be expressed as:

I =Tk |.e_ J[' ] (8)

where | is the intensity of the emission from speciesth@r X or actinometric gas), e
is the electron density, [i] is the concentratidisecies I, kis the excitation efficiency of

species | and’ is the branching ratio for emission relative to atlher de- excitation
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paths. The excitation efficiency is a function bé telectron energy distribution and the

excitation cross section:

K = [v(e)o(e) (e)de ©

wheree is the electron energy(e) is the electron velocitygi(e) is the collision cross
section for the excitation of I, andef(is the electron energy distribution. Actinometry
accounts for changes in electron density by scahegemission intensities of X with the

emission intensities of actinomerty as follows:

L, LkJe]x]
IACt B rACtkACt |.e_ J[ACt]

(10)

Typically, the electron- impact excitation crosstge are chosen in the way that the
excitation energy thresholds are comparable aridisncase the same group of electrons
is responsible for excitation of both species. Witlese conditions met, the relative

concentration of reactive species can be deternfnoedthe ratio of emission intensities:

[X]0 l'x [Act (11)

Act

The use of this technique involves ensuring that dddition of actinometer does not

change the characteristics of plasma.

2.3 Surface characterisation

2.3.1 Surface grafting

The contact angle method was used to determinsutface energy components of the
solid plates and its acid-base character. The meesnts were performed with RAME
HART goniometer (model 100-00-230) equipped with:

* A sample holder

» An optical fiber illuminator (Green light source).
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» Arrotating protractor combined to an optical mamaifion of x 23.

* A micro-syringe

In our study the surface energy of the samples caé=ulated from the contact angle
measurements of three different liquids (ultrapuai@Q water, diiodomethane and glycerol,
using the Fowkes and Owens-Wendt method:

v (1+c0s®) = 2 ¢y and vy (1+cose) = 2 D2 + 2 gy P2 (12)

wherey stands for surface enerdgy,for contact angle and the indexes s and | inditete
solid and liquid respectively. The exponents d gngresent dispersive and polar
components of the surface energy. The surface eseof different liquids are gathered
in Table 4.

Table 4: Surface energies of different liquids ugdtontact angle measurements.

Liquid 7 (MIIM?) 3% (MIM?) P (MI/m?)
Water 72.8 21.8 51.0
Diiodomethane 50.8 49.5 26.4
Glycerol 63.4 37 1.3

Several drops of water(B), diiodomethane (1.pL) and glycerol (L) were deposited
on the treated and untreated surfaces in ordemfwove the accuracy of the results.
Moreover the same treatments were done and measumeelous times. The average error

for most of the measurements was below + 2°.

2.3.2 X-ray photoelectron spectroscopy (XPS)

The surface of the samples was analysed with XB8ument TFA XPS Physical
Electronics. Typical time between the samples patmmn and analyse was around 14
days. The pressure in the XPS analysis chamberatvast 6x13° mbar. The samples
were excited with X-rays over a 400-um spot areh wionochromatic AK,; » radiation

at 1486.6 eV. The photoelectrons were detected aviiemispherical analyzer positioned
at 45° with respect to the normal to the sampléasar The energy resolution was about
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0.6 eV. Survey-scan spectra were made at passyeoiet§7.85 eV, while the form of the
Cls peak was analyzed at pass energy of 23.5 e¥ ArideV step. Since the samples are
insulators, we used an additional electron gunlltwathe surface neutralization during
the measurements. The spectra were fitted usingiféld v7.3.1 software from Physical
Electronics, which was supplied with the spectr@nefhe curves were fitted with
symmetrical Gauss-Lorentz functionBhe peak width (FWHM) was fixed during the

fitting process.

2.3.3 Zeta potential measurements

The measurements of zeta potential were done byZ#taCAD provided by CAD
instrument. The buffer solutions for tigH) measurements were prepared in ultra pure
milliQ water with addition of NaCl prior to any chge in pH. In order to avoid the
excessive amount of ions on the electrodes and sagiration the NaCl solution was
prepared at the concentration of 1.7%M0. In the next step the solution pH was adjusted
by addition of either NaOH or HCI until the pH=4,5.5, 7.4 and 9.6 were reached. The
pH of the solutions was measured by pH meter HU8®AmM HANNA Instruments. The
electrolytes were introduced in the cell at constemperature of 25°C and sent in
between the samples at pre- determined pressuz@ ofbar that remained the same for
all measurements. For each sample the liquid passadone cell to another and back
until the potential stabilized, on average aftey8les. The example of obtained curve can

be seen of Figure 33 for MIX | sample at pH=5.5.
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Figure 33: Zeta potential measurement of MIX | tneent at pH= 5.5.
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In the next phase the potential was calculated WigtaCAD software where the
conductivity needed to be artificially correctedtiwia proper value measured with
conductivity meter. Between each change of solutigh different pH, the instrument was
rinsed with ultra pure milliQ water, where 3 cycletween the cells were done. In order to
eliminate the effect of hysteresis the measuremeets always performed from the lowest
pH=3 to the highest pH=9.4 and backwards. For saatple the experiment was repeated

three times, therefore the results present theageast six measurements for each pH.

2.3.4 Atomic force spectroscopy (AFM)

Surface morphology and roughness was observed doyi@tforce microscopy. The
imaging was done with AFM (Solver PRO, NT-MDT, Riagsn the tapping mode in air.
The samples were scanned with standard Si cantileite a constant force of 10 N/m
and the resonance frequency of 170 kHz. All thesuesaments were done typically after
2 weeks of treatment on areas 106 and 5x5um?. The average surface roughness
(Sa) was calculated from images made of areas megs&x5 um®. To obtain

representative results average surface roughnesshtained from 5 different areas.

2.3.5 Confocal microscopy

The imaging of protein coated samples was perforimgdonfocal microscopy, type
Leica TCS-SP2 (Leica Microsystems Heidelberg, GayphaThe protein solutions of
PrPregum Tauec anda-syn were prepared at the c= 50 ng/mL in PBS budtduation at
pH=7.4. Each protein solution was stained with dmthe at the volume concentration
0.5%. In parallel a blank suspension of buffer sotuand rhodamine was done with
absence of proteins (at the same rhodamine comatemy. The concentration of
rhodamine was determined from several preliminastst with a purpose to obtain
optimal conditions with lowest background causedrbgdamine interaction with the
surface. These tests were done on highly repe#edt highly attractive surfaces for
chosen proteins in order to optimise the concantratused. Prepared solutions were

smeared over the untreated and treated samplelefafior 2 h. After that time, samples
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were quickly splashed with distilled water and dnisnder laminar flow over night. These
supports were after attached to the microscopyeslidnd analysed by confocal

microscopy.
2.4 Biological validation of Eppendorf tubes by ELISA tests

The untreated, CFPNIPAM, MIX | and MIX 1l treated tubes were stdrender nitrogen
atmosphere and tested for their storage capabiliiie Enzyme-linked immunosorbent
assay (ELISA) tests on several proteins. The test® performed approximately one
week after preparation of the tubes. Nonethelesseparate test was made with tubes
developed and stored for 6 months in order to ashat the efficiency of tubes remained

unchanged.

The ELISA test involves chromogenic reporters thdicate the presence of antigen by
observable colour change that is monitored by spalobtometer. The principles of direct

and “Sandwich” ELISA test are shown in Figure 34.
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Figure 34: Scheme of a) direct and b) “SandwichT3A test.
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In the direct ELISA test the antigen solution wesexd in the Eppendorf tubes at specific
experimental conditions (temperature, time and jrH)he next step tubes were purged and
washed with buffer solution in order to remove dnéigen that did not attach to the surface
of the tubes. (This supernatant that was remowsd the tubes is directly deposited to the
pre- coated and blocked strips (prepared a daydé)efised for complementary “sandwich”
ELISA test (Figure 34.b, third step). Tubes arentbeposed to solution that is containing a
blocking agents (BSA, gelatine, Tween, Casein)luhe surface is saturated. This is
followed by washing step and addition of the déecantibody coupled with enzyme, like
for example horseradish peroxidase (HRP), whialsed to amplify a signal and increase
the sensibility of a target molecule. The unfixeBRRHis after washed with buffer solution
and 3,3',5,5'-tetramethylbenzidine (TMB) is add&@dvB forms a blue product when it
reacts with peroxidase. Further addition of sulhacid stops the reaction and turns TMB
yellow. This colour is at the end read with speutometer at 450 nm. Therefore the
optical density measurements obtained by directSBELtest will be proportional to the
amount of protein adsorbed on the tubes. On ther dtand “sandwich” ELISA (Figure
34.b) will give the complementary information abbatv much of the protein remained in
the solution. For this reason it is important talgse the supernatant from the same tube on
which the direct ELISA was performed. The detapestocols for each protein will be given

in the next subchapters.

2.4.1 ELISA protocols for detection of different neurodegnerative

agents

2.4.1.1Direct and “sandwich” ELISA protocol for detection of PrPrec,m

DIRECT ELISA TEST:

Coating of 50uL of PrPreg,min differently treated Eppendorf tubes; the protein
was diluted to the c=iy/mL in PBS buffer at pH= 7.4. The time and tempe&a
of coating depended on the experiment and will freciied before each results

report, standard study was done at 4°C and t=24 h
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Washing of the tubes with PBS (2h0) five times and saturation of the surface
with 3% BSA, V= 50uL. Saturation was done at 37°C for 1 h.

Washing of the tubes with PBS (5 times, 280 and addition of the biotinylated
antibody 7F4- biot (V=5QL, c= 1pug/mL) for 1 h at 37°C

Washing of the tubes with PBS (5 times, 3280 and addition of streptavidin
coupled with HRP (V=5@L, 1/7500 dilution in PBS) for 30 min at 25 °C
Washing of the tubes with PBS (5 times, 2&() and addition of TMB (V=5QuL,
1/10 dilution in TMB dilution solution) for 30 miat 25 °C in the dark

Stopping of the reaction by addition 0§$0, (V=50uL, c=1 N)

Transfer of the solution form the tubes to the patponate reading plates and

analysis with spectrophotometer at 450 nm

“‘SANDWICH” ELISA TEST:

Coating of 50uL of detection antibody Saf 32 in the detectionpstr Ab was
diluted in the carbonate buffer (pH= 9.4) to the I®rg/mL during the night at
4°C

Washing of the strips with PBS (20Q) five times and saturation of the surface
with 3% BSA, V= 50uL. Saturation was done at 37°C for 1 h

Washing of the strips with PBS (5 times, 200 and addition of the PrPrgg,
that was stored in differently treated tubes (V850G=uL, c= 1 ug/mL) for 1 h at
37°C

Washing of the strips with PBS (5 times, 200 and addition of the biotinylated
antibody 7F4- biot (V=5QL, c= 1ug/mL) for 1 h at 37°C

Washing of the strips with PBS (5 times, 200) and addition of streptavidin
coupled with HRP (V=5@L, 1/7500 dilution in PBS) for 30 min at 25 °C
Washing of the strips with PBS (5 times, 209 and addition of TMB (V=5QuLL,
1/10 dilution in TMB dilution solution) for 30 miat 25 °C in the dark

Stopping of the reaction by addition 0$$0, (V=50puL, c= 1 N)

Transfer of the solution form the strips to thediag plates and analysis with

spectrophotometer at 450 nm
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2.4.1.2 “Sandwich” ELISA protocol for detection of PrPc from CSF

- Coating of cerebrospinal fluid of a patient numbB&06730 in differently treated
Eppendorf tubes for 24 h at 4°C, V=p5D

- Coating of capture antibodBF3 (Kit Roboscreen) at 37°C for 2 h in PBS (pH=
7.4) on untreated PP (Neuroscreen) strips; (V=I150cg 10ug/mL)

- Washing of strips with PBS (5 times, V= 200 pL) aaduration with PBS- BSA
(3%) at 37 °C for 1 h, V=50 pL

- Washing of strips with PBS (5 times, V= 200 pL) awdting with the CSF from
the tubes (stored for 24 h under point 1) at 370t h, V=50 pL

- Washing of strips with PBS (5 times, V= 200 pL) awdhting with the detection
antibody 15F5-HRP (Roboscreen Kit) at 37°C for {Ms 50 pL, c= 1/10)

- Washing of strips with PBS (5 times, V= 200 p Lpaddition of TMB solution
(75uL TMB, 45 uL peroxidase solution, 3 mL stainimgffer; Roboscreen Kit) at
RT in the dark for 30 min; (V=50 uL)

- Addition of H,SO, (V=50 pL, c= 2 N) and plate reading at 450 nm

2.4.1.3“Sandwich” ELISA protocol for detection of Tau ¢

- Coating of Taw: Roboscreen 441 in the differently treated Eppentdmes for
24 h at 4°C; c= 100 ng/mL, V=100 pL, PBS at pH4& 7.

- Coating of Ta. from the tubes (stored for 24h under point 1) &td®er night,
Vtauree 12.5 pL + 12.5 pL sample dilution + 75 pL conjiega (Innogenetics Kit,
1/100 dilution)

- Washing of strips 4 times with washing solutionnfrohe kit, 1/25 dilution 400
pL. Add conjugate 2 (Innogenetics kit) in the 1/X@tion and distribute 100 pL
per well. Incubate 30 min at RT

- Washing of strips 4 times and add TMB in 1/100 tiblu (Innogenetics Kit);
distribute 100 pL per well and incubate for 25 @mirRT in the dark

- Add 100 pl of stop solution (2 NASOy)
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2.4.1.4“Sandwich” ELISA protocol for detection of TauPHF from CSF

- Coating of Tau PHF in non- treated and treatedsabe °C for 24h ;
(V=50 pL, dilution of CSF in PBS is 1/250)

- Coating of T46 antibody at 37°C for 2 h in coating buff@HE 9.4) on
untreated PP (Neuroscreen) strips; (V=50 pL, ¢g/i2nl)

- Washing of strips with 0.05% Triton in PHS times, 20QuL) and saturation
with PBS- Triton (0.05%)

- Washing of strips with 0.05% Triton in PBS times, 20QuL) and coating
with TauPHF (stored for 24 h under point 1) at 3di€ing 2 h

- Washing of strips and coating of A@nnogenetics Kit) at 37°C for 30 min;
(V=50 pL, c= 1/100)

- Washing of strips and addition of Strep-HRRn{genetics Kit) at RT for 30
min; (V=50 uL, c= 1/100)

- Washing of strips and addition of TMB (Innogengeit) at RT in dark for 30
min; (V=50 pL, c= 1/100)

- Addition of H,SO, (V=50 uL, c= 2 N) and plate reading at 450 nm

2.4.1.5"Sandwich” ELISA protocol for detection of Tau, from CSF

- Coating of CSF (LCR 0911191055755LYS) in the eated and treated
Eppendorf Tubes for 24 h at 4°C; V=100 pL,

- Coating of CSF from the tubes (stored for 24h unm®nt 1) at RT over night,
Vese= 25 uL + 75 pL conjugate 1 (Innogenetics kit, ¥ Hilution: 30 pL of conj
1 + 3 mL of con;. dilution)

- Washing of strips 4 times with washing solutionnfrohe kit, 1/25 dilution 400
ML. Add conjugate 2 (Innogenetics kit) in the 1/dition and distribute 100 pL
per well. Incubate 30 min at RT

- Washing of strips 4 times and add TMB in 1/100 tibln (Innogenetics Kit);
distribute 100 pL per well and incubate for 25 mirRT in the dark

- Add 100 pl of stop solution (2N430y)

- Read plates at 450 nm
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2.4.1.6“Sandwich” ELISA protocol for detection of A B-42 from CSF

- Coating of CSF (LCR 0911191055755LYS) in the eated and treated
Eppendorf Tubes for 24 h at 4°C; V=100 pL,

- Coating of CSF from the tubes (stored for 24 h unmtent 1) at RT over night,
Vese= 25 uL + 75 plL conjugate 1 (Innogenetics kit, ¥ Hilution: 30 pL of conj
1 + 3 mL of con;. dilution). Incubate 1h at RT

- Washing of strips 5 times with washing solutionnfrohe kit, 1/25 dilution 400
pL. Add conjugate 2 (Innogenetics kit) in the 1/dition and distribute 100 pL
per well. Incubate 30 min at RT

- Washing of strips 5 times and add TMB in 1/100 tibln (Innogenetics Kit);
distribute 100 pL per well and incubate for 30 mirRT in the dark

- Add 50 pl of stop solution (0.9NASQOy)

- Read plates at 450 nm

2.4.1.7*Sandwich” ELISA protocol for detection of a-syn

- Storage ofi-syn in untreated and treated Eppendorf tubes=fér to 3 months at
the T=-20°C and 4°C at V= 10Q

- Coating of detection antibody C211 diluted 1:20€#00 mM
NaHCG;/0.02%NaN, pH= 9.6. Incubated over night at 4 °C in 1@0per well;
(V=100pL)

- Washing with PBS buffer/ 0.05% Tween®2@ times, V= 20QL) and blocking
with 2.5% Gelatin in 20QL PBS buffer. Incubated for 2h at 37 °C; (V= 140

- Washing with PBS buffer / 0.05% Tween 20 (4 tim&s,200uL) and addition of
100uL antigen diluted in PBS buffer. Incubated for atl87 °C; (V= 10QuL)

- Washing with PBS buffer / 0.05% Tween 20 (4 etan V= 20QuL) and
addition of primary antibody FL -140 diluted t:1000 in PBS buffer +
2.5% of gelatine. Incubated for 2 h at 37 °C; A9 ulL)

- Washing with PBS buffer / 0.05% Tween 20 (4 e&n V= 20QuL) and
addition of secondary antibody anti-rabbit-HRRuted to 1:10000 in PBS
buffer + 2.5% of gelatine. Incubated for 1 h &tg; (V= 100uL)
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- Washing with PBS buffer / 0.05% Tween 20 (4 timé&s,200uL) and addition of
SureBlue TMB solution from KPI, V= 100L. Incubate for 30 min at RT

- Addition of H,SO, (V= 100uL per well), c= 0.6 N (0.31 M)

- Read absorbance immediately at 450 nm
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3 Results and discussion: Surface modification and atyses

3.1 Hydrophobic modification of polymeric surfaces thraugh one-

step CF, plasma treatment

The goal of this study is to obtain surfaces witimal surface energy that will be
potentially able to resist the adsorption of sadgtroteins [18]. The hydrophobization of
the surfaces was achieved with a help of tetraflonmthane (Cf plasma treatment,
where already apolar C-H bonds of polypropylenesvgeibstituted with even more apolar
C-F bonds.

The CR plasmas are known to be a source of different @t@md molecular radical
species (F, CF, GRand CKE) in its ground, excited or ionized states. As tii@perature
of electrons in used discharge corresponds to igeociation energy of most molecules
and as the probability for recombination compartimghe ion relaxation is very low, the
main species that will react with the surface & neutral atoms and molecules [173].
The fluorine molecular species (CF, £&nd CFE) are acting as building blocks by
substituting the hydrocarbon bonds, while on tHeeoside F atoms can react either as
subsistent or etch the material [67]. Therefoiie tery important to monitor the presence
of reactive species in the plasma phase as a funcfiplasma parameters, accounting for
discharge power and flow of a gas, correspondintpegoressure in the reactor chamber.
The presence of the excited species in the pladmagepcan be observed by optical
emission spectroscopy, while their relative grostate concentrations are measured by
actinometry [174].

In the next step the surface energy was measutidthve contact angle method, where
the drop of ultrapure milliQ water was depositedthe surface of substrates treated at
different conditions, varying power, pressure antetof treatment. This method was also
used for determining the surface stability withdiomder N and air. The relative elemental
composition of treated samples and its chemistry determined with X-ray photoelectron

spectroscopy (XPS). In the final step the optiméalgated samples (exhibiting strongest
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hydrophobic character) were chosen and their sidharge was measured by zeta potential
method, while the potential changes in the surfemgghness and morphology were

evaluated with a help of atomic force microscop#KM.

3.1.1 Characterization of the plasma phase

In order to determine the species present in plaghase the discharge was created
without any input of source gas at the base presand with addition of Gfgas. The
flow of gas varied between 5 and 40 sccm, corredipgnto the pressure between
1.4x107 and 3.9x13 mbar, while the power was adjusted from 10 to M0Before each
experiment the reactor chamber was pumped foraat kealf and hour with the intention
to acquire the ultimate pressure in the order afmitade 10 mbar. The optical emission
spectra of plasma phase without and with inletonfrse gas are presented in the Figures
35 and 36 respectively.

H.
5000 N H. s
rrrnmmrmmm F
4000 OH
%
g 3000
£
5 2000
Fulcher band
1000 — (0,0} 0
Hs0 O
it I
04

[ ol T X T " L]
200 300 400 500 600 700 800 900
YWavelength (nm)

Figure 35: OES spectrum at discharge power of 50WMtianate pressure (p= 2x ¥@nbar).

Figure 35 presents an optical emission spectrurritored at base pressure, p= 2x°10
mbar. The spectrum is composed of bands correspgnditransition of OH at 309.1 nm
(A’Z*—>X41), hydrogen Balmer lines, and oxygen lines at 77@r®l 844.8 nm
corresponding to 3p— 35S’ and 3pP— 3s’S’ transition respectively. This spectrum
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matches to typical water plasma spectrums presdmtesgtveral authors [175]. There are
also many bands between 300 and 450 nm that arelated to a different transition of
nitrogen molecule [176].

An optical emission spectrum of £plasma is presented in Figure 36. This spectrum is
composed of a large continuum in UV part, betwe@® &d 400 nm, corresponding to the
emission continuum of GFion. Several bands between 240 and 300 nm aileustl to
different vibrational transitions of Gkadicals. Principal lines observed at 246, 2492511
nm are ascribed to the vibrational transition of @®lecule from A (Oy,, 0) to X {1, v2, 0).
The emission of CF is observed between 200 andch&§Ccorresponding to the transitions
A% X1 and BA —X?1 [66]. Additional molecular bands are much weaked a
overlapped with continuum. Strong lines in UV cepend to the Nsecond positive band

and traces of N can be also observed.
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Figure 36: OES spectra at discharge power of 5GEMCGE, flow of 40 sccm (p= 3.9xIDmbar).

There is a presence of weak oxygen atomic lin€§ a2 and 844.4 nm and of Balmer
series of hydrogen lines as well. Atomic emissisrdominated by F atom with many
lines from 560 nm to 780 nm. The major atomic flnerine emissions in this region are
Py — 2P (at 703.7, 712.8 and 720.3n18, — 2P (at 731.0, 733.3 and 733.9nit); —

P (at 742.6, 755.3, 757.3 and 760.7 nm) 4Dd— °P (at 775.5 and 780.1 nm). The
presence of Gfband can not be confirmed due to the overlappiitg ®F, emission
bands between 230 and 300 nm. There exist manytseploout the presence or absence
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of CR emission lines in CfFplasma discharge [177,178]. Nevertheless, thecalpti
emission spectra of GFplasma strongly depend on the ultimate pressuratath
experiments are performed. Therefore, optical domsspectra, especially in the UV
region differ substantially among individual disofp@s, causing the statements to be often
contradictory.

In plasma reactor the change of discharge parasnateh as power and flow of gas will
influence the density of radicals in the plasmasphd@he conversion of radical concentration
in the plasma is not necessarily the same as thiegehof intensity in the optical emission
spectra. For this reason a quantitative evaluaitfche species concentration (actinometry)
can be employed. The basic principle is the adduita low concentration of noble gas such
as argon (usually bellow 5%) to the source gassidenng that this amount of gas will not
change the characteristics of plasma. In our sthdyactinometry was performed with the
addition of 2 % of argon gas to 98% of main gassatieloromethane. The lines studied with
actinometry were the F line at 703.3 nm, CF lin@@2.4 nm and CHine at 251.6 nm,
while the argon lines used were the one at 750.4fonthe determination of relative ground
concentration of F atoms and 416.4 nm for the oetetion of ground concentration for CF
and CF, molecules.

The evolution of different excited speciegdI@d;) as a function of RF discharge power
is shown in Figure 37 and as a function of inlet gancentration in Figure 38. Whatever
was the concentration of the gas or the power shdirge, the main radicals present in
the plasma were GHnolecules and F atoms. It can be seen in Figurth&7the density
of atomic F is increasing until the power reach@3A6 and afterwards remains constant,
while the concentration of GHadical has the opposite tendency and decreadbs wi
power. The drop becomes more pronounced for theepoexceeding 60 W. The
concentration of CF radicals is negligible compario F and Ckradicals and remains
constantly low with the change of power or gas fl&®tesence of such strong Cind F
emission lines indicates that £kolecule is just partially dissociated under pnése
plasma conditions. Otherwise also CF emission Wmasld be much higher. The increase
of power thus causes a linear growth of fluorinecégs in comparison to GIFadicals. In
the plasma, electrons gain energy directly from e¢hextric field and loose energy by
collisions with the particles. Therefore, electrovith certain energy will govern the rate
of ionization, dissociation and excitation proceéshe source gasses or precursors in the
plasmas. The increase in power increases the atedensity, which as a consequence

causes a higher dissociation of,Gfas [179].



Results and discussion: Surface modification aradyaes

7
3 A
6- E\i\ " U (703.70m)
3] E\E\ 7 (cr'ar (416.4nm))
3 5]
> §\ (e ar (416.4nm))
2 4 .
e 1 ~
(] ]
=
8 27
()] 4
X ]
] - . 7
0 ' ZIO ' 4IO ' GIO ' 8IO ' l(I)O

Power (W)

75

Figure 37: Evolution of relative intensities of EF and CFk lines as a function of discharge

power (flow= 40 sccm, p= 3.9xTnbar).
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Figure 38: Evolution of relative intensities of & and CFE lines as a function of gas flow at P=
50W; p= 8.2x16 mbar (5 sccm) to 3.9xFambar (40 sccm).

Results in Figure 38 indicate that the relativensity of fluorine species is higher than of

CF, radicals. But in the same time, they have the stméency; higher the flow of gas,

higher is the density of radicals. The concentratbF radicals grows until the flow of 30

sccm is reached, forming a plateau and slightlpslafterwards, while the concentration of

CF, species is slowly increasing all the way to thelfiflow of 40 sccm. Therefore, the

probability for higher formation of F and CFadicals also increases with the amount of gas

inserted to the discharge chamber, but only jusaicelevel. At very high density of source
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gas, the electron free path is shorter. Consequeldttrons can not gain enough kinetic
energy from the field (can not be accelerated emplegding to lowered rate of dissociation.
Results have shown that the amount of F anglgpEcies is strongly dependant on the flow
of the gas and the power of discharge.

3.1.2 Characterization of modified surfaces; determinatim of the
hydrophobic properties

The goal of this preliminary study was to identifig plasma parameters that would allow
us to attain surfaces with minimal free energythi@ next step the examination of ageing
effect on the treated surfaces was performed. Tabilisy of surfaces with time is
important because their performance for biomediggdlications is required in a longer
period of time. The polypropylene plates were w#dain CR discharge under varying
power, pressure and time of treatment. The comtlagles were measured with a drop of
ultrapure miliQ water (3iL) around 1 min after the treatment. The base presat the
beginning of the experiments was around 2X%hbar. The ageing of the surfaces was
followed under air and nitrogen atmosphere at ré@mperature for 1 month.

3.1.2.1Influence of discharge power on the wettability ofnodified surfaces

Figure 39 presents the effect of discharge powdnyaitophobization of the samples. To
study the influence of the input power, the flowswixed to 40 sccm and the time of
treatment to 7 min. The power varied in the ranigg0oto 100 W. Results showed that at
low powers the surface energy starts to decreaseeaches the minimum value at 50 W,
corresponding to a contact angle of 132°. On therdtand, when a higher power than 50
W is employed, the contact angle starts decreagiag reaching the value of 121° at 100
W.

If we compare the contact angle results with aatieiny measurements (Figure 39; black
and red lines), the contact angle measurements shawimum at 50 W, while the
percentage of F atoms linearly increases from 32@8% with the increase of power from
10 and 100 W. The highest contact angle is obtamwieeh the plasma phase is composed
from approximately 50% of fluorine atoms.
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Figure 39: Effect of discharge power on water contngles of Cl-treated PP plates (black
curve) and on relative concentration of fluorinee@ps in the discharge obtained from

actinometry measurements (red curve).

As mentioned before, the fluorine atoms canaacetching agents or contribute to the
substitution reactions. Therefore, it seems thmtlance in gas composition exists, where the
optimized hydrophobization (deposition vs. etchicg) be realized. It can be seen in Figure
37 as well, that at P= 45 W, there is a switch latlv F atoms become main species in the
plasma phase comparing to CF ang €ielicals. When the power employed is less than 50
W, technically the balance between F atoms andriflated species is in favour of
deposition comparing to etching, even though ttegive amount of radicals responsible for

fluorination seems to be too low.

3.1.2.2Influence of pressure on the wettability of modifiel surfaces

Influence of gas flow on surface energy and gaspasition is presented in Figure 40.
The power was fixed to 50 W and time of treatment min. The results indicate that the
water contact angle on treated samples almostrlindapends on the gas flow. For small
flows, lower than 15 sccm, the contact angles enttbated samples are even lower than
on the untreated due. to the degradation and ogridatifect.” The untreated sample
possesses a water contact angle equal to°10While samples treated at 10 and 15 sccm
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of CF, gas have the angles of 74° and 98° respectivdig. Aighest contact angle is
obtained at the highest flow (40 sccm), reachimguiue of 132°.
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Figure 40: Effect of pressure (gas flow) on watentact angles of CRreated PP plates (black
curve) and on relative concentration of fluorinee@ps in the discharge obtained from

actinometry measurements (red curve).

The actinometry measurements (Figure 40, red dee)onstrate that the percentage of
fluorine in the discharge varies between 52 % a@n@d6 There is a maximum at 25 sccm
indicating that at this pressure the prevalendiiofine species is the highest. With the flow
increasing further, the relative F concentratiorthie plasma phase rapidly decreases and
reaches minimum between 35 sccm and 40 sccm, porméimg to 52% of F in the
discharge. As in the investigation of power infloenwe came to the same conclusion,
namely that for optimal hydrophobization of our stwates the amount of atomic fluorine in
the plasma discharge should be around 50%.

3.1.2.3Influence of treatment time on the wettability of nodified surfaces

In Figure 41, we report the variation of contaaglarwith time for two different gas flows
(20 and 40 sccm) at a constant discharge poweOdN5where the time of treatment
varied between 0 and 10 min. For the two flows,dpgmal time was reached when the

lowest surface energy is obtained; i.e. 7 min. H@®ygit can be seen that the degree of
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hydrophobization for lower flows is almost negligiltomparing to the untreated sample,
while for higher flows there is a notable differen€Contact angle measurement on the
untreated sample gave 107.5°, while the maximalaobrangle after around 7 minutes, at
a flow of 20 sccm is 114° at a flow of 20 sccm &3&° at a flow of 40 sccm. For higher
gas flows, no matter how long the treatment tims,vtlae level of hydrophobization was
superior. It can be also noticed that at low gaw$l, the measured contact angle initially
decreases below the one of the untreated samié)(Mfter 3 min of treatment, it starts
increasing again and reaches its maximum after 7. inbnger treatments lead to a

decrease of contact angle for around 10° betw&eamé 16' minute.
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Figure 41: Effect of time of treatment on water te@h angles of Cf-treated PP plates (black
curve at 40 sccm (p=3.9x%06nbar) and red curve at 20 sccm (p=2.4%fbar); P= 50 W.

The growth of hydrophobic character and relativiecemtration of fluorine species with
gas flow was reported by several authors [65]. TWeye observing peak evolution either
with actinometry or mass spectrometry measuremdiits. amount of CFspecies was
reported to be negligible below the flow of 20 scevhere it starts to increase linearly with
the flow. When the flow was superior to 20 sccmwadl the relative amount of fluorine
containing species started to increase linearlly patwer. The growth of water contact angle
with gas flow is reported for different polymer stiates, while the increase of power
provided diverse results [66]. In some cases thfaienergy obtained minimum at certain
power and in the others there was a sharp increasater contact angles at higher powers.
These differences were explained mostly by surfacghness, namely when substrates

possess the roughness below 10 nm contact angied s@tween 110° and 130°, while at
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rough substrates it is possible to obtain completaberhydrophobic surfaces exhibiting

contact angles practically up to 180° [61, 67].

3.1.2.4Ageing effects on the plasma-fluorinated surfaces

Plasma treated polymer surfaces have often beeanass to go under substantial
changes in their surface properties and chemisitih wme. This ageing is usually
ascribed to two fundamental processes: post-plasxdation and surface adaptation
[180].
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Figure 42: Contact angle measurements on theti@bted PP plates in a month period stored

under air (black curve) and nitrogen (red curve).

Figure 42 is showing the results of contact angéasarements that were carried out
continuously for a month, in order to determine tgeing of Ck plasma treated
substrates under air and nitrogen atmosphere. 83uts are indicating that there is no or
negligible ageing of the treated samples (evenr afiee month) under nitrogen
atmosphere and a slight decrease of water contaldrwair. The change in the contact
angle reached around 5° in the first few days dtedt his it remains stable. Partial lost of
hydrophobicity in the case of samples stored uradercan be attributed to the post-

oxidation reactions of free radicals, created andtirface after plasma treatment with in-
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diffusing atmospheric oxygen that was observed redvauthors [181]. The negligible
ageing of Ck plasma treated substrates is not surprising, #s &io and nitrogen are
considered as hydrophobic medium; consequentlystiréace rearrangement does not
take place. These reorientations of polymer chiora the surface to the bulk occur due
to the interfacial energy differences between tblyrper and its environment, therefore

bigger changes are expected in the case of pat@csunodifications.

3.1.3 Characterization of the chemical composition of moified

surfaces

The chemical composition of untreated polypropylgiates and CF plasma-treated

plates was obtained by XPS analyses. Several sanpéze prepared at different
discharge conditions, which are specified in TableSample 1 is a virgin PP plate,
whereas samples 2 to 9 present plasma modifiedd#®@&spThe discharge power (P) was
changed in the range between 20 W and 100 W, ¢la¢ntient time (t) between 1 min and

15 min and the gas flowD() between 10 sccm to 40 sccm.

Table 5: Description of samples and surface contiposin at.%.

Sample : C®%) O(%) F(%) Al(%) FIC OIC Contact
P (W), t (min), ® (sccm) angle (°)
1. (0,0,0) 940 41 / / / 004 1075
2. (50,7,10) 474 115 351 33 074 0.24 74

3. (50,7,20) 473 97 386 23 082 0.21 112

4. (50,7,30) 452 7.7 443 17 098 017 121

5. (50,7,40) 461 64 462 08 100 014 132

6. (20,7,40) 542 67 386 03 071 0.12 117

7. (100,7,40) 443 87 425 30 096 020 119

8. (50,15,40) 499 99 391 12 078 0.20 117

9. (50,1,40) 531 84 361 00 068 016 113
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The elemental surface composition obtained from Idwe resolution XPS spectra of
untreated and GFplasma treated samples with corresponding watetacb angle
measurements is gathered in Table 5. It can ben@abéhat the untreated sample is mainly
composed of carbon, 94.0%, and a small concemniraticmxygen, 4%. There was also a
small amount of impurities observed on the sur{&geS) that are not gathered in the table.
For samples treated with ¢plasma the relative concentration of C falls dowri4.3 %

and the concentration of F rises up to 46.2 %.

3.1.3.1Influence of treatment time on the surface chemisir

The variation of contact angle and F/C ratio agrection of treatment time is presented in
Figure 43.a. After just 1 min of treatment, the @amtration of fluorine remarkably
increased from 0 % to 36.1%, which corresponds/@rhtio 0.68 and the contact angle
of 113°. The highest F/C ratio equal to 1.00 waaird after 7 min of treatment, where
the water contact angl®) reached 132°. After 15 min of treatment, the F@o again
decreased to 0.78, accounting for approximately Rier degree of sample fluorination
comparing to the sample treated at optimal conustiaghe® dropped back to 117°. The
effect can be prescribed to the removal of fludedaspecies after prolonged plasma
treatment and as well to the higher degree of imipar(O, Al) observed on the surface
(Table 5). The comparison of contact angle evoluamd the XPS results shows that
there is a clear correlation between the maximabnporation of fluorine functional

groups and minimal surface energy (Figure 43).

a b
) ) 135+
1.0 ]
1304 130
+0.8
1254 ]
5125 P 1254
2 0.6 2
8120 - £ 120
o] I
g Loa © £ i
o
§11s 8§ 115 /
+0.2 E
1104 —m— water gontact angle 1104 /
—o— F/C ratio L oo E
105 T T T T T T T T T 105 T T T T T T
2 0 2 4 6 8 10 12 14 16 0.0 0.2 0.4 0.6 0.8 1.0
Time (min) F/C

Figure 43: a) Variation of the contact angle an@ Fdtio as a function of treatment time (P= 50

W, ®= 40 sccm) and b) contact angle as a functionuafrfihation ratio.
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In order to study how the incorporation of fluorifenctionalities affect the surface
hydrophobicity a comparison of water contact aragid the F/C ratio was made (Figure
43.b). The graph can be decomposed to two lineds; daelow the F/C ratio of 0.7 and
above this ratio. Below the ratio of 0.7 the ratdnydrophobization is very slow and after
this point is reached, there is a sharp increaserttfict angle with augmentation of fluorine
species. It seems that this is the threshold whebds to be surmounted in order that

fluorine species start to govern the surface charac

3.1.3.2Influence of discharge power on the surface chemist

The effect of the RF power on the hydrophobizatod on the extent of fluorination is
demonstrated in Figure 44.a. The results showth®atvater contact angle and F/C ratio
are growing with increase of power up to 50 W whigsey both reach maximum. The
degree of fluorination at these conditions is 1ad@ corresponds to the contact angle
value of 132°. A further increase of discharge poveads to important decrease of
contact angle (for 13°), even though the F/C ratays approximately the same (Figure
44.b).
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Figure 44: a) Variation of the contact angle an@ Fatio as a function of discharge power

(t='7 min,®= 40 sccm) and b) contact angle as a functionuafriihation ratio.

If we refer to the results from low resolution XB&alyses (Table 5) we see that the main
difference between the conditions is the amouningiurities on the surface, in the form

of aluminium and oxygen. These functionalities lemewn to have relatively high surface
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energy which could assist to the difference in sheface energies of the two samples
compared. On the other hand the OES studies shthaedbove the P= 45 W the atomic
fluorine species prevail in the discharge and pobbdhe etching process removes
partially fluorine from the surfaces. More infornmat about functional groups on the

surface at high power conditions will be providgdiigh resolution XPS analyses.

3.1.3.3Influence of pressure on the surface chemistry

The influence of gas flow on the evolution of tlwmtact angle and the F/C ratio is shown
in Figure 45. Both, F/C ratio and contact anglerather linearly increasing with the gas
flow. Already at 10 sccm (p= 1.4xFf0mbar) the degree of fluorination increases from 0
to 0.74 and after this point grows progressivelyaithe relative F/C ratio 1. What can be
noticed is that even though the F/C ratio increasduktantially at 10 sccm, the water
contact angle became even inferior to the nondckaample (Figure 45.a). As this F/C
ratio was sufficient to observe hydrophobic suréa@ different times and power
(Figures 43 and 44) the reason for such a smathcbmangle should lay elsewhere. The
difference in elemental composition on these samflable 5, samples 2-5) show a clear
correlation between the amount of aluminium andgexyimpurities on the surface. This

phenomenon will be discussed in detail later incihapter (page 88).
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Figure 45: a) Variation of the contact angle and Ftio as a function of gas flow; (t= 7 min, P=

50 W) and b) contact angle as a function of fluatiiom ratio.

Theoretically the relative concentration of flu@ishould be 66.7%. Despite the fact that
this value is not reached it can not be statedtigasurface is not saturated with the fluorine
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functional groups. It should be noted that the acintingles are controlled by the few
outermost layers of polymer materials, whereasattadyzing depth for C 1s photoelectrons
in XPS analyses is estimated at about 8.5 nnsi{845°= 8.5 nm at=4) [182].

Next to the relative elemental concentration oftied samples, it is important to
determine the nature of the chemical bonds intredulsy the plasma treatment. The
formation of new functional groups on the surfa@swetermined from high resolution C
1s XPS spectra, presented in Figure 46. The deseripf the samples with possible peak

assignments and their percentages are gathereable ®.

The C 1s peak of untreated PP consists of two peak®ajor one at 285.0 eV
belonging to the C-C/C-H (C1) bond and a smallex an286.7 eV corresponding to the
bond C-O (C2), Figure 46.a. The C-C/C-H bonds bgldo the backbone of
polypropylene (-CkHCH(CHs)-),, while the low quantity of C-O bonds can be pridssct
to impurities in the polymer itself. After plasmaatment, four new peaks appear (C3-
C6) that are assigned to thé/QCHF-CH,/ C=0 (288.2 eV),_€E-CF, (289.7 eV), &
(291.6 eV) and €3 (293.6 eV) functional groups [183]. There is adsbig increase of C2
peak, primarily due to the formation of CF bond; Figure 46.b.

The relative proportion of all functional groupsgowing with the gas flow (samples
2-5). The relative amount of CF functional groupshard to determine, because C2-C4
peaks are superimposed by oxygen containing fumaitigroups (Table 6). However, it
can be seen that at the flow of 40 sccm, the waamount of Cfrand CEk functional
groups reaches maximum, there was 3% more @fgédups and 11% of GRuctional
groups fund on the surface. A comparison of samii€g) treated in Cfplasma (t =7
min, flow =40 sccm) at a variable power betweerl@0 W produced a relative increase
of CF, and Ck functional groupsuntil the power of 50 W, for 4 % and 1.1 %
respectively. Over and below this power, the cotregion of Ckh and Ck peaks
decreased and reached the value in the same drééher 20 or 100 W. At the same
time, the higher the power of discharge was, higtes the relative amount of CF species
observed on the surface. Considering the opticaissam, contact angle and low
resolution XPS studies, we can presume that atehigbwer there is partial removal of
fluorine groups from the surface, which are lagplaced by oxygen functionalities under
exposal to atmosphere. Therefore at a medium ptveee is less CF species and more

CF, and CE, which are the main agents responsible for higivekeof fluorination.
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Figure 46: High resolution C 1s spectra of a) wated PP sample and b) PP treated with CF
plasma; P= 50 W, t= 7 min and flow= 40 sccm (p=3®xmbar).

The progression of the relative amount of the fhated species with time can be seen in
the Table 6, samples 5, 8 and 9. The relative carat®ons of Ck and Ck functional
groups have the same tendency; their concentrgtawas until around 7 min (for 5.5 % and
1.5 % respectively) and after it starts decreadttayvever, the amount of GFunctional
groups is still higher after 15 min (12.4 %) ofattrment than after 1 min (9.9 %). The same
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conclusion can be drawn for CF functional groupsh whe difference to GFspecies, their
relative concentration does not reach maximum miry, but keeps increasing with longer

treatment times.

Table 6: Relative concentrations of carbon funalmed groups derived from the C 1s
spectra obtained on the PP samples treated witlpl@sma

Component Cl (%) C2 (%) C3 (%) C4 (%) C5 (%) C6 (%)
Energy (eV) 285.0eV 286.7eV 288.2eV 289.7eV 291.6eV 293.6eV

Possible assignment C-C/C-H C-O.GCF CF/C=0 CF-CF, CF, Ck;
CHF-CH2
Sample: P (W)

t(min),®(sccm)

1. (0,0,0) 97.9 2.1 0 0 0 0
2.(50,7,10) 62.0 15.1 8.4 7.4 4.6 2.5
3.(50,7,20) 52.4 17.8 9.5 8.7 7.7 3.9
4.(50,7,30) 50.0 13.7 8.1 10.6 12.0 5.6
5.(50,7,40) 42.7 14.3 8.7 12.9 15.4 6.1
6.(20,7,40) 55.4 12.6 6.8 9.4 11.3 4.6
7.(100,7,40) 45.3 16.9 10.4 10.9 11.5 5.0
8. (50,15,40) 48.2 14.0 9.9 11.6 12.39 4.0
9.(50,1,40) 54.5 13.5 9.0 8.8 9.9 4.4

Let us first consider the type of reactions happgnin the gas chamber. The electron
temperature is only a few eV. Average electrons therefore likely to excite GF
molecules to a variety of electronic, vibrationatlaotational states but cannot dissociate
or ionize the molecules. Only the fastest electrares capable of dissociation, let alone
ionization. The lowest dissociation energy is fodmdthe reaction C/—~ CF; + F. Since
the electron temperature in our plasma is rather tbis reaction probably prevails. Apart
from it, dissociation like CF— CF, + F seems quite possible, but is definitely less
probable. The final concentrations of ,Ciolecules should decrease in the following
way: Chk, Ck;, CFk, CF, C. The concentration of F atoms should bé higher than the
concentration of CFand Cl molecules. These radicals are primarily reacthmgugh a

hydrogen substitution mechanism with the surfage @y + CF —.CH(y-1)F).

As seen from results above, the relative proporioimpurities in-the form of O and Al
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increases on the surface when higher power is gmglor/and with longer treatment times
and decreases with higher flow of gas. In ordendqalain these effects we will first address
to the optical emission spectra presented in tlguréi 35, which is revealing some
interesting features. Besides the fact that thelgmmenant radiative radicals at ultimate
pressure are H, OH, O ang N is interesting that these radicals are alsdlisn spectra
obtained in Ckplasma (Figure 36). Although the partial pressafrevater vapour is very
low during the system feeding with £&e concentration of the impurity radicals remains
substantial. The ultimate pressure is about 2xtbar. This is probably also the upper limit
of the water vapour partial pressure at experimentis CF,. It is known that plasma
facilitates desorption of gases from the chambdis\sa the partial pressure of water vapour
may be increased after turning on the discharge.

On the other hand, a constant flow of,G&cilitates pumping of the impurity gases what
should cause continuous decreasing of the wat@uvggartial pressure during experiments
with CF,. In any case, the concentration of impurities i S well below 1%. The richness
of the spectra presented in Figures 35 and 36oisieed by collision phenomena in gaseous
plasma. The dissociation energy of,G§ 12.6 eV, while the ionization energy of OB
about 16 eV [184], which is much higher than ttesdciation energy of water vapour or OH
molecules, which is at about 5 and 4 eV, respdygtivdthough the concentration of water
molecules is rather low, the concentration of O Endicals is substantial, due to a high
probability of their formation during inelastic tisions with electrons, metastable £F
molecules and GFions. In the first approximation we can concluat tvater vapour gets
fully dissociated in CFplasma. If the partial pressure of®molecules is 4xIDmbar, the
resultant density of neutral oxygen atoms is nkI p¢ 1x10° m®. The resultant flux of O
radicals on the sample surface is j = ¥ n v = 108xi?s™. Neutral oxygen atoms may
cause oxidation of the polypropylene sample. Algiothe reaction probability is far from 1
[185], the oxidation can be pretty intense afteesal seconds, let alone minutes, of plasma
treatment. This effect explains the formation a# tixygen rich functional groups on the
surface of our samples. Namely, as shown by nursesmthors, exposure of organic

materials to O radicals causes formation of O-siatiace functional groups [186,187].

On the other hand, Gplasma is also rich in GFadicals as well as F atoms. As shown
by other authors [64-68], the exposure of polymeatemals to such radicals causes
fluorination of the surface layer of samples. Unfoately it is difficult to estimate the
absolute value of the F and Qfadicals in our plasma. Still, it is reasonabl@redict about
1% of dissociation fraction of GFnolecules [188] what would give an F radical dgnsf
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about 5x16°. The density of oxygen and fluorine atoms in dasma is therefore roughly of
the same order of magnitude. There should be aetittop for binding to the surface of the
sample. The potential barrier for the oxidatiorogjanic materials is somehow lower than
potential barrier for the fluorination. The finabrecentration of the O and F functional
groups should therefore depend on the type of palyamd concentration of different
reactive species in the plasma. A higher concéoratf F radicals would facilitate higher
hydrophobicity of the samples. This is confirmedXRS results summarized in Table 5 as

well as the results of the contact angle measuresmeRigures 39-41.

Finally, we should address to the appearance ollemgaantities of Al on the surface,
which is attributed to the sputtering of the powesatectrode. Since the density of CF
molecules in the chamber is much larger than tmsideof Ck molecules and F atoms
(let alone Ck and CF molecules), and since the ionization enefg@F, molecules is
smaller than the ionization energy of £#hd F, it can be expected that the,dBns will
prevail. The ions are accelerated in the DC shaathbombard the powered electrode
with the kinetic energy of about 200 eV. As soonaasionized molecule reaches the
electrode surface it is dissociated to atoms. @ratrerage, each atom takes about a fifth
of the CR" ion kinetic energy, i.e. about 40 eV. Most of thigrgy is spent on heating of
the electrode and a smaller fraction is spent f@ $puttering. The ion density in
unperturbed plasma is around 1¥h@° and this means that the resultant flux of,CF
ions onto the electrode surface would be about xtid s*. Therefore the concentration
of Al, although low, is probably due to (extremekeak) sputtering of the powered
electrode made from aluminium. The sputtering yweill depend on the flux of ions onto
the powered electrode, the type of ions and thetkirenergy and all three parameters
will depend on the discharge power. This can noaw®ded in capacitively coupled RF
discharges at low pressures; nevertheless it dmildinimized by coating of electrode by
thin film of Teflon, which should be in a good theal connection to the powered

electrode.

3.1.4 Characterization of the surface charge of plasma-florinated

surfaces

Acid-base properties of untreated and,QGfeated polypropylene were evaluated by
measuring zeta potential towards the pH of 1,7% WONaCl buffer solution (Figure 47).
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The plasma treatment was performed at optimal ¢@mdi where substrates exhibited

strongest hydrophobic character; P= 50 W, p= 3.%hbar and t= 7 min.

The { (pH) curve for the untreated PP sample shows iaalypurve of non-polar polymer
surfaces. The absence of plateau indicates theg #ne no dissociable acid or base groups
present on the surface. Namely, the origins ofctiegge at polymer surface with a contact
with electrolyte solutions is attributed to thesdisiation of the acidic or basic surface groups
and the preferential adsorption of cations or aoncompetition to the water adsorption.
The anions adsorb stronger in neutral 1:1 elet¢&s)yand for this reason the zeta potential is

negative for most of the polymer surfaces [188]
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Figure 47: Zeta potential measurements vs. pH fdreated PP (black curve) and Qiasma

treated PP (red curve).

As shown in Figure 47, plasma treatment shife isoelectric point (IEP) to lower pH
values. This shift suggests that the treated smirfaxs more acidic character than the
untreated polypropylene surface. Normally,Gfas no acid-base character by Brgnsted
effect, because it can not react as either hydrdgenr or acceptor. There are several actors
that could lead to these properties: increase pf@x and aluminium functional groups on
the surface (Table 5, sample 5) and very probaldytd the fact that samples are negatively
charged towards the plasma in the discharge chanNzenely, samples were visibly
electrostatic when removed from the plasma chamhethe charge stayed on the surface if

there was no artificial drainage of the charge fthensurface.
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3.1.5 Characterization of the surface morphology

The morphology and roughness of untreated angpl@Bma-treated surface was analyzed
by atomic force microscopy. The height and 3D ARNages of untreated PP sample are
shown in Figure 48. The sample does not exhibitspgcial topography features on the
surface. There are only a few grains like strucuileserved with heights between 45 nm
and 115 nm. These are probably the inorganic agditused in the polymer production.

Nevertheless, their density is much too low touefice the surface roughness. The

average surface roughness measured over 1Qumldiea was 2.8 £ 0.1 nm.
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Figure 49: AFM images of GRreated PP plate; a) height and b) 3D image.
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After CFK, plasma treatment there was no noticeable differebserved, even though the
sample was submitted to bombardment with fluoredicals for 7 min (Figure 49). The
average surface roughness measured over 10nlfrea was 2.4 + 0.1 nm. The slight
smoothening of surface could be due to the remuiviahbedded particles from the polymer
matrix or simply due to the fact that the surfaceather inhomogeneous at this scale and the
imaging was taken on the clearer part. The heighinpurities remained the same. The
changes in surface roughness after plasma treaamemhostly caused by chemical erosion
with atoms and/or physical erosion by ions in plasbsually amorphous parts are removed
much faster than the crystalline counterparts anithils a surface topography can be created
[189,190]. As analyzed polymers are amorphous avebgss initially very low or no
crystalline phase, there is no preferential etchdetected and thus there are no special
features observed after the plasma treatment.

This absence of surface roughness on our polypeapypblates is a good indicator why
superhydrophobic character could not be attainedei@l authors have reported that the
F/C ratio is not the main evidence for highly hyalobic surfaces [64, 65]. They have
shown that the contact angles on the same typelgfngr substrate treated with £F
plasma reached the value of 125° or 175° solely wué¢he difference in surface
roughness. The F/C ratio gained from XPS analysas ven lower in the case of
superhydrophobic surface. Interesting results weperted as well for the treatment of
HDPE where they were pre-treated by oxygen plasmarder to assure the adequate
surface roughness. In the next step these sulsstnaee functionalized by GFplasma

treatment and superhydrophobic character was @ut468].

Summarizing the one-step £plasma treatment results, we can say that theabpti
emission study coupled with contact angle measuremand XPS analyses gave us a
valuable data that if we want to obtain an optibe&nce between surface functionalization
and surface etching the relative amount of atofamrihe species in the discharge towards
the molecular Cfspecies should be around 50%. These conditionsbéaeed at maximal
gas flow of 40 sccm, moderate power of 50 W andtriment time 7 min. Presence of
impurities on the surface (O, Al) was more evidarigher powers, longer treatment times
and lower gas flow. Their existence was ascribadégost-oxidation reactions, reactions of
impurities in the discharge chamber (mainly watapour) and to the weak sputtering of
powered electrode made of aluminium. AFM imagirigved us to confirm that the surface
roughness on our substrates was not important artougscent from highly hydrophobic to
superhydrophobic surfaces.
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3.2 Hydrophilic modification of polymers through two-step

treatment: Plasma activation and polymer grafting

In the following study the goal was to activate fhaypropylene surfaces in order to
initiate the grafting of desired polymer or polymmontaining material. The activation
itself was performed with helium plasma treatmetielium plasma was used for the
abstraction of hydrogen from C-H bond on the polysweface where free radicals form.
These radicals can after interact to form crodsslinunsaturated groups, react with
incoming oxygen or act as initiators for subsequmiymer grafting [82]. The polymer

grafting technique is used to chemically bond twonwre types of molecules having

different configurational and/or constitutional tieies.

The radical species present in the plasma phase elEerved with optical emission
spectroscopy, while the efficiency of activatiordaurface chemistry were monitored by
wettability measurements and XPS analyses. In thé step activated substrates were
immersed into pure polymer solution of poly (N-isgpylacrylamide) (PNIPAM) or into
PNIPAM solution containing surfactant (cetyl trimglammonium bromidgCTAB) or
Polyoxyethylene (20) sorbitan monolauréfeveen 28)). The immersion was carried out
at different concentrations, polymer to surfactardlar ratios and plasma parameters in
order to study how the experimental conditionsuiefice the polymer grafting. Surfaces
were analyzed by contact angle method, XPS analys&s potential measurements and the

surface imaging was obtained by AFM analyses.

3.2.1 Fist step: Activation of substrates by helium plasma

3.2.1.1Helium plasma characterisation

Typical optical emission spectrum of helium plasmapresented in Figure 50. The
ultimate pressure before the inlet of gas was 2°xilfar. The power during experiments
was changed between 10 and 100 W, while the flomedarom 10 sccm to 90 sccm,

related to the pressure between 2.8%afd 1.2x13 mbar. Spectra were obtained about
30 s after plasma ignition.
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Figure 50: OES spectra of He plasma (P= 70 W, fl@@sccm and p= 1.5xFGnbar).

In the UV region (between 250 nm and 400 nm) tlaeetypical He emission lines
observed with some additional nitrogen and OH peaksnain impurities in the plasma
phase. The helium lines are not marked on the specand correspond to all additional
lines throughout the spectrum that are not idewtifiThe helium spectra are known to be
very rich and contains up to 2440 emission lingk different relative intensities [191]. For
this reason we needed to monitor the plasma atshesyt acquisition times in order to be
able to observe other excited species next torhethat present in the plasma phase. As a
consequence lots of the He emission lines are hioidiihe background. In the visible region
between 400 nm and 700 nm, we observed two typpsaks, corresponding to He and the
others to K, Hg, H,, Hs Balmer lines. Above the 700 nm the emission lireery mainly to
He radicals with a peak at 777.7 nm accorded tgemBpP— 35S’ transition.

The evolution of oxygen (777.7 nm), nitrogen (337®) and helium (504.8 nm)
emission lines as a function of pressure are shoviAigure 51.a. Discharge power during
measurements was fixed to 70 W. The amount of Heimpurities grows linearly with
flow, however for the helium slope was more impatrtand reached maximum at the flow

equal to 70 sccm.

In the Figure 51.b are presented optical emissiogs [of helium and impurities as a
function of power at constant gas flow of 30 sccorresponding to the pressure 1.5%10
mbar. Until the power of 50 W, the amount of impas stayed relatively low and constant.

After this power they have started increasing aathed maximum at 80 W. The same
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evolution was observed for He emission lines; h@wdle relative amount of He emission

lines towards the impurities was higher at elevateaders.
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Figure 51: Intensity of He, O and,Mnes as a function of a) gas flow (P= 70 W, p8xa0* -
1.2x10" mbar) and b) discharge power< 30 sccm, p= 1.5xTbmbar).

3.2.1.2Characterisation of the activated surface, determiation of hydrophilic

properties

The goal of this part of experiments was to deteerthe plasma condition parameters
that would allow us to attain the surface with nmaxi free energy. The polypropylene
plates were treated in He discharge under diffepemter, pressure and treatment time.
The contact angles were measured with a drop cdpute milliQ water (3.L) around
1 min after the treatment. The base pressure abeélgenning of the experiments was
around 2x-19 mbar. The ageing of the surfaces was followed urae at room

temperature for 2 weeks.

3.2.1.2.1Influence of pressure on the wettability of modifiel surfaces

Influence of gas flow on surface energy and gaspomition is presented in Figure 52.
For this purpose the power was fixed at 75 W ame tof treatment to 1 min. The results
are indicating that the water contact angle ontéskaamples very slightly increases, for
5°, with pressure until the flow of 70 sccm (p= %182 mbar). Above this flow the

contact angle starts to rigpiite substantially and reaches the value of 3290asccm
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(p= 1.2x10" mbar).

The optical emission measurements of He line itieas a function of pressure is shown
in the Figure 52.a. Until the flow of 70 sccm theensity of He lines grew with the gas flow,
followed by a slight drop of intensity. If we conmipahis to the contact angle measurements
it seems that they rise with higher gas flow araigh at higher quantities of helium radical
species.
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Figure 52: Effect of pressure (gas flow) on watantact angles of He plasma treated PP plates vs.
a) He intensity lines and b) relative intensity lé¢ line toward impurities (He/ He+O+N

obtained from optical emission spectroscopy.

Figure 52.b is suggesting that the relative intgredi He lines I(He)/ I(He+O+B toward
the impurities is falling with flow, which is ratheontradictory from what we presumed
before about the presence of impurities in plastm@s@ and their importance in surface
activation. What needs to be taken into accoutitasthe helium plasma is extremely rich
with metastable species which excite the impuritreshe plasma by different inelastic
collisions. Therefore the atomic concentrationhaf impurities in the excited states can not
be exactly correlated to their quantity in the grdbstate.

3.2.1.2.2Influence of discharge power on the wettability omodified surfaces

In order to evaluate the change of contact angkefasction of power, plasma conditions
were fixed as follows: a gas flow to 30 sccm, artdeatment time to 1 min. The power
varied in the range between 10 W and 100 W. ResuRggure 53 are showing that there

is rather linear decrease of water contact angi#s iwcreasing discharge power up to
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100 W. At these parameters, so called superhydioptonditions were obtained. The
term superhydrophilicity was introduced to describe complete spreading of water or
liquid on substrates, although the definition hasbeen clarified yet and the unrestricted
use of these terms sometimes stirs controversycedly from the roughness point of
view [192].

The comparison of results between contact anglesunenents and optical emission
spectroscopy indicate that higher helium intensiids to higher activation of the surface.
The intensity of He lines grows with power untiband 70 W and after slightly decreases. It
should be mentioned that at such low gas flow éfleated power at 100 W can reach up to
20 W, which could explain the drop of He intendibes. As well with higher power the
electron temperature decreases, therefore theatmmzof He gas (Ei= 26.8 eV) [191] could
be more difficult. Contrary to the results obtairydgas flow measurements, present study
showed that higher He emission intensity leadsigbdn activation of the surface. This
controversy suggests us that the He radicals al&ply not the only species responsible for
surface activation, but also different impuritigegent in the plasma phase play an important
role.
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Figure 53: Effect of power on water contact anglédde plasma treated PP plates vs. a) He
intensity lines and b) relative intensity of Heditoward impurities (He/ He+ O+;Nobtained

from optical emission spectroscopy.

Figure 53.b is showing a local minimum of relatméensity of He lines towards the
impurities at 75 W, even though the contact angkpk decreasing with power. At this point
it must be said that the contact angle measurenaétités power were often different, £5°,
probably due to the disturbance with reflected poweor this reason the power chosen for

the future experiments was 75 W, where the plasamsiable and there was no reflected
power.
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3.2.1.2.3Influence of treatment time on the wettability of nodified surfaces

The evolution of contact angle with the time ofatreaent from O min to 3 min was
established at following plasma conditions; P 2N and flow = 30 sccm, Figure 54. The
decrease of contact angle until 1 min is very ingray from 107.5° to 7° and then,

between 1 min and 3 min it drops for few more degr@nd becomes immeasurably low.
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Figure 54: Effect of treatment time with heliumgiaa on water contact angle.

3.2.1.2.4Ageing effects on the plasma-activated surfaces

Figure 55 is showing the ageing effect of He tré&® plates at optimal conditions when
exposed to air. The ageing is very important in fingt few hours after the plasma
treatment and completely stabilizes after 4 daysxgosal to air, where it reaches the
value of 32°. Of our great interest is the agemg@ ishort time, up to 5 min, because we
need to ascertain that the intended reactive grampgresent on the plasma activated
surface for the covalent immobilization of a polynteyer. Typical time needed between
the plasma activation and surface grafting for@periments is around 30 and 60 s. The
contact angle measurements show little ageing taffeacfirst minutes, therefore we can
predict that there are still great amounts of fi@dical species present on the surface at

the time of grafting reaction.
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Figure 55: Contact angle measurements on the Hatette PP plates stored under air;

a) short time storage (up to 1 h), b) long timeage (up to 2 weeks).

It can be said on generally that the ageing of péagrafted surfaces is caused by
internal and external factors. Internal factors tr@py, interfacial enthalpy, glass
transition temperaturgTg), crystallization and crosslinking density) uehce the
mobility of polymer chains, while external factqexidations, hydrolysis, radiation and
temperature) are provided by the environment. Thestnimportant factor in helium
plasma-treated samples is the post-oxidation @actiwith free radicals which are
followed by the surface adaptation. These chainesatations are driven as a response to
interfacial energy difference between the plasmeateéd polymer surface and its
environment. As air is considered to be hydrophabadium (compared to water) the
polar groups on the surface tend to burry themseivehe bulk of the polymer until the
equilibrium is reached [42]. Helium plasmas arewnftised for forming crosslinking and
it was reported if their density was important egloshey can restrict to some point the
mobility and surface adaptation. However the resatimmunicated are diverse [193].
There is no general rule for ageing and it depestdsngly on the type of plasma,

substrate and ageing conditions.

3.2.1.3Characterisation of the activated surface, determiation of hydrophilic

properties

The chemical composition of the untreated and tdsmh treated plates was obtained by

XPS analyses. Treated samples were stored undéoraiwo weeks before they were
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analysed. Several samples were prepared at diffelisnharge conditions, which are
specified in Table 7. Sample 1 is a virgin PP platbereas samples 2-9 are plasma-
modified PP plates. The discharge power (P) wasgdthin the range between 20 W and
100 W, treatment time (t) between 0.5 min and 3 amd the gas flowd$) between 15
sccm to 80 sccm. The elemental surface composttimained from the low resolution
XPS spectra of untreated and He plasma-treatedlsangpgathered in Table 7. There
was also a small amount of impurities (Si, S, Ndspnt on the surface that are not added
to the table.

Table 7: Elemental composition of samples (at. %).

Sampleconditions C (%) O (%) Al (%) o/C Contact angle

P (W),t (min), ® (sccm) )
1. (0,0,0) 95.0 5.0 / 0.0532 107.5
2.(75,1,15) 70.1 17.9 1.7 0.255 5
3.(75,1,30) 71.8 18.8 1.5 0.262 7
4.(75,1,50) 73.6 194 1.1 0.264 12
5.(75,1,80) 75.9 19.25 0.8 0.254 27
6.(20,1,30) 76.3 18.4 0.6 0.238 52
7.(100,1,30) 68.7 22.1 2.2 0.322 3
8.(75,0.5,30) 75.4 18.3 0.9 0.242 34
9.(75,3,30) 65.6 23.2 2.8 0.353 0

3.2.1.3.1linfluence of treatment time on the surface chemisir

The untreated sample 1 is composed mainly of caviitina small percent of oxygen
groups. After He plasma treatment (samples 2-@),QIC ratio increases on all samples.
There is also appearance of impurities in the foofm aluminium, with relative
concentration up to 2.8%.

The highest amount of oxygen, 23.2% or highest @t (0.353) is observed on the

sample that was exposed to plasma for the longestntent time (Table 7). The longer

treatment time seems to enable a creation of higimeunt of free radicals on the surface
through hydrogen abstraction that consequentiyt igdic the oxygen from the atmosphere
or can form crosslinking and unsaturated groupses&hconditions correspond to

immeasurably low water contact angle (Figure 5&)e Ttomparison of contact angle
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evolution and the XPS results (Figure 56.a) showsrmelation between the maximal
incorporation of oxygen functional groups and udtie surface energy with time. If we
superimpose the two curves we can see the lineaalation between contact angle and O/C
ratio with time, where at the O/C ratio of 0.32 #igns of surface saturation with oxygen
functionalities appear (Figure 56.b).
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Figure 56: a) Variation of the contact angle an@ @tio as a function of treatment time (P= 75

W, &= 30 sccm) and b) contact angle as a function Gf @fio.

3.2.1.3.2nfluence of discharge power on the surface chemist

The influence of discharge power on surface oxufais quite abundant (Table 7). The
O/C ratio at 75 W and 100 W are 0.353 and 0.32R2ews/ely, which is much larger than
O/C ratio at 20 W (0.238). The relative concentratof impurities is also much more
pronounced with higher power (samples 3, 6 andhé);amount Al increased by 1.6% at

100 W comparing to the sample treated for the dameeand flow at the power of 20 W.

The effect of the RF power on oxygen incorporatemd substrate activation is
demonstrated in Figure 57.a. The water contacteaisgfalling progressively with power
input, while interestingly the O/C ratio at 20 Wnet much lower than at 75 W. Optical
emission studies showed that at 80 W the intewsitye lines reaches maximum while the
relative intensity of He towards the oxygen impesitreaches minimum. Second thing that
can be noticed as well is that there are higheruatsoof aluminium impurities present on
the surface at elevated powers. Results of coatagie measurement as a function of O/C
ratio (Figure 57.b) are suggesting that at O/Coratiound 0.25 the surface starts to be
saturated with oxygen functional groups.
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3.2.1.3.3Influence of pressure on the surface chemistry

The influence of gas flow on the evolution of thater contact angle and the O/C ratio is
shown in Figure 58. The contact angle is decreasitilygas flow (the same tendency as

intensity of He emission lines) while the O/C ratemains rather unchanged (Figure
58.a).
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Figure 58: a) Variation of the contact angle an@ @dtio as a function of gas flow; (t= 1 min,
P= 75 W) and b) contact angle as a function of @#®.

In parallel with Ck plasma treatment the amount of aluminium on thdase
decreased with increased gas flow (Table 7). Iuheplasmas the ions have much lower

mass and the sputtering coefficient is much lowantfor CE" and similar heavy ions.
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The Al concentration in Table 7, however, is notcmipwer to those in Table 5. The
dilemma can be explained by Penning ionization m plasmas, namely electrons in
plasma excite He atoms into the triplet states én@atmetastable. On the other hand the
ionization fraction is at least an order of magiéulower than the concentration of
impurity gases in the He plasma. Taking this intocaint, it can be concluded that the
concentration of heavy ions that are able to capsgtering in He plasma at low gas

flows is almost the same as in gHasma.

A high resolution C 1s spectrum was measured ierotl provide some information
about the functional groups on the surface of th&eated and treated samples. The
characteristic C 1s spectrum of helium treated samsppresented in Figure 59. Relative
concentrations of different functional groups oa srface of the samples after treatment are

gathered in Table 8.

Table 8: Relative concentrations of carbon funalmed groups derived from the C 1s

spectra obtained on the PP samples treated withiddena.

Component C1 (%) C2 (%) C3 (%) C2+C3 (%)
Energy (eV) 285.0 eV 286.7eV  288.2eV
Possible assignment C-C/C-H C-0 Cc=0
Sample
P(W), t (min),® (sccm)

1. (0,0,0) 98.2 1.8 / 1.8
2.(75,1,15) 81.9 14.0 4.1 18.1
3.(75,1,30) 81.2 14.2 4.6 18.8
4.(75,1,50) 79.8 15.1 5.1 20.2
5.(75,1,80) 82.2 13.3 45 17.8
6.(20,1,30) 81.7 14.3 4.0 18.2
7.(100,1,30) 79.6 15.3 51 211
8.(75,0.5,30) 80.1 15.1 4.8 19.8
9.(75,3,30) 78.0 16.6 5.4 21.9

The untreated sample is composed of mainly one @é&ait 285.0 eV, corresponding to
C-C/C-H bonds and a smaller one C2 at 286.7 eVhelg to single C-O functional groups
(Table 8). After plasma treatment a new peak agp€& at 288.1 eV, ascribed to C=0
double bond (Figure 59, Table 8). At the same tihgerelative amount of C-O functional
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increase with treatment, up to 16.6 % comparirthedl.7% for the untreated sample.

Samples have similar composition after treatmeatlatonditions and as expected those
that were exposed longer to plasma treatment HaVelyg higher amount of C-O and C=0
functional groups (2%). Relative concentration i@fups with single bonds is 3 times higher
than the amount of double bonds, around 15% andeSpectively. These functional groups
are caused mainly by post-oxidation reactions ex fiadicals with air and partially through
oxidation reactions with the impurities (mostly watvapour) that are heaped up in the

reactor chamber.

C1ls 1

Intensity (a.u)

292 288 284 280
Binding Energy (eV)
Figure 59: High resolution C 1s spectrum of Hetedd&P sample; P= 75 W, t= 1 min and flow=
30 sccm (p=1.5xI0mbar).

The results above have shown that superhydroppdigpropylene surfaces can be
obtained as long as we provide high discharge p{xé& W), low flow (< 30 sccm) and the
treatment time superior to 2.5 min. At these camakt the XPS analyses showed the highest
amount of both oxygen and aluminium atoms on théase. Nevertheless it is hard to
distribute the influence of each component on gnmétion of superhydrophilic surface and
therefore further analyses should be undertakehismopic. What needs to be mentioned at
this point is that by using noble gasses such lsninethe formation of extremely reactive
free radicals on the surface occurs. These fraealadhbruptly react with the atmosphere or
the liquid to which they are exposed to. Theretbke contact angles that were measured
immediately after the plasma treatment probablysbetter insight into the phenomena
than the XPS analyses that were performed apprésiyna weeks after the treatment. In
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this time the ageing of samples was already seuhee,contact angle increased form

immeasurably low to approximately 30° (Figure 55.b)

3.2.2 Polymer grafting onto plasma-activated surface

After the helium plasma treatment step the actidvadeamples were taken from the
discharge chamber and immersed into three diffetgpés of polymer or polymer

containing solutions at altered experimental cood# Surfaces were analyzed by
contact angle measurements, XPS analyses, zetaipbtaethod, while their topography
was examined by AFM imaging.

3.2.2.1Characterisation of the modified surfaces, determiation of the

hydrophilic properties

The surface energy of samples was calculated flmncontact angle measurements of
three different liquids (ultrapure milliQ water,i@iomethane and glycerol) using the

Fowkes and Owens- Wendt method:

v (1+¢0s0) = 2 (%) and v (1+cos0) = 2 )" + 2 fPyP)™

wherey stands for surface enerdgy,for contact angle and the indexes s and | inditate
solid and liquid respectively. The exponents d gngresent dispersive and polar

components of the surface energy. The surfacegieseof different liquids are gathered
in Table 9.

Table 9: Surface energies of different liquids ugdtontact angle measurements.

Liquid 7 (MIM?)  y4(MIm?) P (MI/m?)
Water 72.8 21.8 51.0
Diiodomethane 50.8 49.5 26.4

Glycerol 63.4 37 1.3
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3.2.2.1.1 Grafting of PNIPAM

3.2.2.1.1.1 Optimisation of grafting parameters

In order to optimize the grafting parameters of PAM, the solutions were prepared in
different range of concentrations, between 0.0Q1lagd 10 g/L. Helium plasma-treated
polypropylene plates (P= 75 W, flow= 30 sccm and3tanin) were immersed into
aqueous polymer solutions for 2 h at room tempegatlihe time between completed
plasma activation and immersion was less than anate After that samples were taken
from the liquid, rinsed with distilled water andiett under laminar flow at room
temperature over night. The contact angles on dgs@&dples were measured withuB
drop of water and 1.L drop of diiodomethane (Figure 60.a). In the netdp the
solution concentration was fixed at 2 g/L and timeet of immersion (at same plasma

parameters) varied between 5 min and 300 min (Eig0r b).
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Figure 60: Contact angle measurements on PNIPAMtdde substrates as a function of a)

concentration b) dipping time. THe present the measurement of water contact anglanihg

after drop deposition.

Figure 60.a is showing an evolution of contact esglith the concentration of polymer
solution. The contact angle with diiodomethane iasththe same for all concentrations
while the water contact angle measurements shovagsiamic curve. The point at c="40
g/L should be noted that it corresponds to thenpdaactivated PP substrate immersed into
distilled water solution as a reference for 2 hgawse the concentration of polymer is in

logarithm scale it could not be set to zero. It baenseen that the changes on the surface
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begin to happen between the concentration of 0&gd 0.05 g/L and become stable in
the range of concentrations between 0.5 g/L ang/lLOcorresponding to the water contact
angle around 10°. In the Figure 60.b is shown tmenge of contact angle with time of
immersion in PNIPAM solution that was preparecdhat ¢concentration of 0.5 g/ L. For short
treatment times, less than 10 min, the contacearajlue exceeds 30°, which corresponds to
the value of helium plasma-activated sample storedlater. Above 15 min of immersion
stable surfaces are obtained with the contact sraghproximately 10°. The contact angle
with diiodomethane did not change with immersiometiand remained at a value of 55°.

These contact angles were measured when the wataict angle stopped spreading over
the surface, typically between 3 s and 5 s afteir theposition. The blue stars on the
Figure 60 present th@ that was measured instantly (with the cameraj dftgp deposition,
where the values corresponded to around 40-45°.dVhamism of the surface could be
explained by specific properties of PNIPAM polym€&he NIPAM monomer is composed
of hydrophobic part (carbon backbone and dimethyligs) and hydrophilic amid part. For
this reason, dried grafted samples probably exgiase hydrophobic parts towards the air,
because the air is considered to be hydrophobicume(tompared to water). When these
chains come in contact with water, the structugalnrangements happen where hydrophilic
parts get exposed to the water and hydrophobis party themselves into the bulk. From
these measurements it can be concluded that then@olwas successfully grafted on our
substrates and if we want to obtain stable frdalgtdating chains the concentration should
be around 0.5 g/L. The total surface energy medsatréhese conditions was calculated by
Fowkes method and corresponds to 72.1 mdwhere polar part presents 58 mfHnd
apolar 13.6 mJ/fn The® used for the calculation of surface energy wa0at We have
taken into account rather this contact angle thanone measured instantly due to the fact
that these samples will be used in aqueous mediufarther applications and are therefore

of our prime interest.

PNIPAM is a very well known thermosensitive polymeéth the lower critical solution
temperature (LCST) temperature between hydrophitid hydrophobic state at around
32°C [105]. At room temperature the WCA values r&gb by several authors varied
between 40° and 65°. The extent of transition abitne LCST temperature depends
strongly on grafting conditions and the size ofypwér chains. For example it is possible
that there is no transition or extremely weak titams observed with augmentation of
temperature above LCST. This was mainly attributethe fact that the polymer chains
were too short. On the other side the transitioreneup to thed of 90° were reported,
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corresponding to the water contact angle valuepofaat C-H chains found in polymers

like polypropylene or polyethylene [109].

The absence of temperature transition was als@pres our supports. There could be
several reasons; firstly it could be due to the Ismalar mass of PNIPAM molecule
(20000-25000 g/mol), secondly the grafting of podymby plasma activation method did
not exhibit typical brush regime, due to the exiselarge number of active sites in short
distances that can react non-specifically with pwy backbone or side chain functional
groups or finally the water spreading over the atef(dilution of hydrophilic chains) is
energetically more favourable than the temperaindkiced hydrophobic transition.
Namely the spreading of the water drop on modifiedstrates occurred even at elevated
temperatures as high as 60°C.

The change of water contact angle on PNIPAM gra$taahple with time is shown in
Figure 61. It can be seen that there is a rapid df@ontact angle from 40° to 13° in the first
two seconds after the deposition and after itstartstabilise and reaches the final contact

angle of 10 °.
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Figure 61: Water contact angle as a function obdijon time on PNIPAM grafted surface.

3.2.2.1.1.2 Influence of plasma treatment time on PNIPAM gnafti

With the intention to study the influence of plaspaameters on PNIPAM grafting the
activation of substrates by helium plasma was ddrfe= 75 W and flow 30 sccm while

the time of treatment varied between 0 and 18hs.sblution concentration was fixed at
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0.5 g/L and the time of immersion to 2 h. The stef@nergy parameters provided by

contact angle measurements are gathered in Table 10

Table 10: Surface energy of PP films grafted wiIFFAM at different plasma activation

times.
Method/ Fowkes Owens- Wendt
Time He (8) Y (MI/f)  yI(mInf)  yP (MInf)  yo (MInf) v (MI/nT)

PP virgin 34.8 34.7 0.1 0.0 0.1

0 35.1 23.4 11.8 27.6 1
10 69.4 18.4 51.0 111.3 24
30 69.4 17.9 51.5 110.0 24
60 69.8 17.8 52.0 109.5 24
180 72.1 19.1 52.9 110.0 1.2
180* 53.8 22.3 31.6 60.3 0.1

The total surface energy of samples increased 84r@ mJ/m up to 72.1 mJ/Mmdue
to the incorporation of polar functional groups mrihe surface. The surface energy
parameters marked by asterix (*) at 180 s corregporihe® measured instantly after the
deposition, before the substrate had opportunistdbilize.

It can be seen that even a very short plasma &ctivéime of 10 s enables high
grafting yield of PNIPAM. Contrary, without plasnpae-treatment there is a very low
incorporation of PNIPAM molecules and the total rgiyeis similar to the one of virgin
PP. The distinction between dispersive and polanpament however showed that there
were some changes that happened on the surfacesanteinformation is obtained from
the Owens-Wendt method where the basic componergdsed from 0.0 mJfip 27.6
mJ/nf for PNIPAM grafted substrate without plasma prexmeent respectively to the
virgin PP sample.

On all other surfaces activated by He plasma tisege considerable increase of basic
component. This is in a good correlation with thIFRAM properties, because amides are
basic molecules that possess pKa around 3Nfbkdimethylacetamide (C}ONMe,
where Me = CH). Interestingly there is not much difference imface energy parameters
between the samples that were activated by helilasma just for 10 s and the ones
activated for 180 s, even though that their suréaergy varied substantially.



Results and discussion: Surface modification aradyaes 110

3.2.2.1.2Grafting of MIX |

MIX 1 is standing for the mixed solution of Poly {Sopropylacrylamide) (PNIPAM)
polymer and cetyltrimethylammonium bromide (CTABurfactant. Preparation of
solutions is explained in experimental section.@.&and their molar ratios are indicated
before each experiment. The mixture of polymer andactant was done in order to
obtain surfaces with desired functional propertm@sjcerning functional groups, charge
and topography. The choice of CTAB was made dutheofact that recombinant prion
protein possesses very high isoelectric point (@>8nd therefore at working conditions
(pH=7.4) the protein will be partially positivelyharged and potentially repelled
(electrostatically) from the positively chargedfage provided by CTAB.

3.2.2.1.2.1 Optimisation of grafting parameters

In the first part of this study, the influence aflymer and surfactant concentration on the
surface energy parameters was evaluated. The ssmpte activated by He plasma (P=
75 W, flow= 30 sccm and t= 1 min) and immediatehyrersed into solutions at various
concentration ratios between polymer and surfactaiher concentration of PNIPAM
(Cp) was fixed at 0.5 g/L and concentration of CTAR)(®as changed between 0.1 and 2
mM or the concentration of CTAB was fixed at 1 mRhtahe concentration of PNIPAM
changed between 0.02 and 2 g/L. The preparatiosotitions is described in the
experimental part. The surface free energy comgdsndatermined by contact angle

measurements are gathered in Table 11.

The results are showing that there is no or velisgffect of polymer to surfactant ratios
on the total surface energy.{ measured by Fowks method (Table 11). The notable
difference is observed just with the sample that inanersed into pure surfactant solution,
resulting in a total surface energy 62.3 nfMrith 21.1 mJ/mbelonging to dispersive part
and 41.2 mJ/Mmto the polar component. The CTAB discloses highgolar properties
towards PNIPAM, which is in a good agreement witkirtchemical composition.

On the other hand it can be clearly seen that dogian of surfactant to the polymer
solution vigorously influences the surface basieponent ¢, Figure 62). The basic
character of CTAB (40.3 mJfinis much lower than the one of PNIPAM (109.5 nf)/m

Just a small addition of surfactant, much belowGMC at 1 mM, results in a severe drop of
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surface basic component. The drop is most pronounoél the addition of 0.2 mM of
CTAB and keeps decreasing less radically afterdbigcentration (Figure 62.a). When the
surfactant solution is kept at 1 mM and PNIPAM @ded theys increases since the
PNIPAM concentration of 0.01 g/L and starts to #itadat c= 0.5 g/L. MIX | has g value
between pure polymer and surfactant, 61.5 mdfmicating that we have accomplished to
graft both of the components onto the surface. By telatively simple method, we can

control the surface energy and its acid-base ctetrac

Table 11:Surface energy of PP films grafted with MIX | afffdient molar ratios of
polymer and surfactant; wheregpav=Cp (9/L) and Grag= Cc (MM).

Method/ Fowks Owens- Wendt
Solution; Yiot (MI/NT) v& (mJ/nf) v (mJ/nf) s (MJ/nf) s  (mJ/nf)
Cp=0.5Cc=0.0 69.8 17.8 52.0 109.5 2.4
Cp=0.5Cc=0.1 68.2 17.9 50.3 78.2 0.0
Cp=0.5Cc=0.2 67.7 16.3 51.4 68.5 0.6
Cp=0.5Cc=1.0 67.5 16.6 50.9 61.5 0.1
Cp=0.5Cc=2.0 65.4 15.5 49.9 50.5 2.5
C=1.0 Cc=0.02 66.7 18.8 47.4 535 2.1
C=1.0Cp=0.2 67.3 17.2 50.1 61.1 1.0
C=1.0Cp=0.5 68.2 17.9 50.3 68.2 0.0
C=1.0Cp=2.0 70.3 17.3 50.0 83.3 0.0
C=1.0Cp=0.0 62.3 21.1 41.2 40.3 24
a
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Figure 62: Influence of a) CTAB addition to polymsolution and b) PNIPAM addition to

surfactant solution on the basic character of titase.
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3.2.2.1.2.2 Influence of plasma treatment time on MIX | grajtin

The influence of plasma treatment time on MIX Ifgre was done at different plasma
activation times, between 0 s and 180 s, where Wlas equal to 30 sccm and the power
of discharge 75 W. The concentration of PNIPAM 8olu was fixed at 0.5 g/L,

concentration of CTAB to 1 mM and the time of imsien to 5 h.

Table 12: Surface energy of PP films grafted withXM at different plasma activation

times.
Method/ Fowkes Owens- Wendt
TimeHe(s) vy, (mJinf)  yI(mimf)  yPMIn)  yo(MIn) v (minf)
PP virgin 34.8 34.7 0.1 0.0 0.1
0 31.1 28.5 2.6 4.32 0.0
10 69.7 15.9 53.9 63.9 1.0
30 69.0 16.5 52.5 65.9 0.1
60 67.5 16.6 50.9 61.5 0.1
180 67.1 15.2 51.8 66.6 0.5

Table 12 is showing the variation of the surfacergy of PP films after grafting with
MIX | at different plasma activation times. Theaiosurface energy of the untreated sample
increased from 34.8 mJfmp to 69.7 mJ/Mfor treated samples respectively. Surfaces that
were not activated by He plasma and immersed in¥ IMolution show a very low grafting
density. The polar component increased just fom2IF¥, apolar decreased for 6.2 m3/m
and basic component for 4.32 mJinmThe basic component of treated surfaces was on
average around 65 mJinfror all treatment times the contact angle measeme results did

not indicate any special differences between thétegt surfaces.

3.2.2.1.3Grafting of MIX Il

MIX 1l is standing for the mixed solution of poly¢{iSopropylacrylamide) (PNIPAM)
polymer and polyoxyethylene (20) sorbitan monoleur@ommercially also known as
Tween 26) surfactant. Details on solution preparation asctibed in experimental part.
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As mentioned before for MIX |, the mixture was dadneorder to obtain surfaces with

desired functional groups, charge and topograplyeeh 26 was chosen because the
non-fouling surfaces are known to often possessralquolar functional groups with high

degree of hydration [194].

3.2.2.1.3.1 Optimisation of grafting parameters

With a purpose to examine how different concerdaratf polymer and surfactant impact
the surface energy and potential basic-acidic cbaraHe plasma-activated samples
(P= 75 W, flow= 30 sccm and t= 3 min) were immersa&o solutions with different
concentration ratios between PNIPAM and Tweefi. Zhe concentration of PNIPAM
(Cp) was fixed at 0.5 g/L and mass fraction of Tweéf Wy) in the distilled water
varied between 0.01 % and 0.1 %. After that thecentration of Tween Z0was fixed at
0.05 % and concentration of PNIPAM changed betw®88 and 2 g/L. The surface free
energy components determined by contact angle mexasats are gathered in Table 13.

Table 13:Surface energy of PP films grafted with MIX Il aiffdrent molar ratios of
polymer and surfactant; wheregpam=Cp (9/L) and Guwee2s= Wt (%0).

Method/ Fowkes Owens- Wendt

Solution; Yiot (MI/nf) v (mJ/nf) v (MJ/nf) s (MJ/nf) vs" (mJ/nf)
Cp= 0.5 Wt=0.0 72.1 13.6 58.5 110.0 1.2
Cp= 0.5 W= 0.01 67.7 22.2 455 73.0 0.1
Cp= 0.5 W;=0.02 69.7 21.9 47.8 77.9 0.1
Cp= 0.5 W;=0.05 66.8 23.4 435 63.9 0.0
Cp= 0.5 W= 0.10 71.0 25.5 45.4 54.4 0.1
W= 0.05;Cp= 0.02 68.0 27.6 40.4 61.4 0.0
W= 0.05;Cp= 0.2 72.2 25.8 46.4 74.9 0.1
W= 0.05;Cp= 0.5 66.8 23.4 435 73.9 0.0
W= 0.05 Cp= 2.0 70.7 25.5 45.4 77.9 0.1
W= 0.05;Cp= 0.0 74.2 32.9 41.3 50.1 0.1

The total surface energy.f) between the samples did not change substantially,

approximately up to 7 mJ/nbetween samples. The pure surfactant has a puwagyer=
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41.3 mJ/m and the pure polymerP’= 58.5 mJ/m, whereas their mixture has a values in
between the two, averagely around 45.0 Jlherefore the addition of Tween®2 the
PNIPAM solution gives rise to the dispersive comgung.), while the polar component
(y?) and basic character of the surface decreased@btrease of polarity with surfactant
incorporation is due to the long hydrocarbon chaitsle in the PNIPAM backbone each
monomer possesses a polar amid group. These diareibg functional groups have the
pKa around 30, while the big surfactant head of @w2® is composed of larger amount of
ether, ester and alcohol groups, which pKa's ameurat 40-50, 20-30 and 16-18
respectively.

Figure 63.a presents the influence of surfactaditiat to 0.5g/L PNIPAM polymer
solution on surface basicity. The basic charactd?IPAM substrates is progressively
decreased by addition of Tween®26rom 109.5 mJ/fhcorresponding to PNIPAM down
to 54.4 mJ/mwhen 0.10% of surfactant is added. This valueuisecclose to thes of
Tween 28, assimilated to 50.1 mJfm
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Figure 63: Influence of a) CTAB addition to polymsolution and b) PNIPAM addition to

surfactant solution on the basic character of thfase.

When the surfactant solution is kept at 0.05 % RN#PAM is added, thes increases
since the PNIPAM concentration of 0.01 g/L andtstém stabilize at c= 0.2 g/L. Even
though the concentration of PNIPAM keeps increasthg ys does not change
substantially, indicating a strong influence offaatant in a wide range. MIX Il has a
basic value between pure polymer and surfactamnar 70 mJ/f indicating the
presence of both components on the surface. Itwbestudies, values of surface energy
compared in the case of surfactant addition torpelyare coherent and stable. Contrary
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to this, when PNIPAM was added to surfactant sofuthe values were not that clear. It

could be due to the micellization of surfactanutioh before the polymer was added.

3.2.2.1.3.2 Influence of plasma treatment time on MIX | grajtin

The substrates were activated by helium plasma=at3W and flow 30 sccm and the
time of treatment varied between 0 and 180 s. Tdmeentration of PNIPAM solution
was fixed at 0.5 g/L and concentration of Tweefi 28 0.05%. The immersion of the
activated substrates was done for 5 h.

Table 14: Surface energy of PP films grafted withKNI at different plasma activation

times
Method/ Fowkes Owens- Wendt
Time He (s) Yiot (MI/NT) v (mJ/nf) v (MJ/nf) s (MJ/nf) s (mJ/nf)
PP virgin 34.8 34.7 0.1 0.0 0.1
0 29.7 28.6 1.2 2.8 0.1
10 67.0 24.4 42.6 88.7 1.9
30 68.5 18.5 50.0 85.4 0.3
60 67.0 24.4 42.6 82.0 1.0
180 66.8 234 43.5 73.9 0.0

The results are presented in Table 14. AnalogolBNI*AM and MIX | grafting, the
time does not seem to affect much the extent @ arface energy or its basic-acid
properties. When the surface was not activatechernother hand the difference becomes
important. The grafting is inhibited and there Is@st no difference in surface energy
components between the virgin PP sample and tggn\®P sample immersed into MIX II
solution. This information is indicating that theseextremely low grafting yield without
plasma pre-treatment and that activation is nepessarder to obtain successful grafting of

polymer-surfactant complex on our substrates.
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3.2.2.1.4Ageing of grafted samples

The ageing of PNIPAM, MIX | and MIX Il grafted sames under atmosphere at room
temperature was monitored up to two months. Thie twas chosen due to the fact that
long time stability of the surfaces is required fmo-application reasons. All samples

were prepared after 3 min of activation by heliulasmpa and immersed into a) PNIPAM

solution at c= 0.5 g/L, b) MIX | solution atpGeav= 0.5 g/L and Gras= 1mM and

c) MIX 1l solution at Gnipav= 0.5 g/L and Wyeen2e= 0.05%. The results in Figure 64 are
attesting for the sample stability in the periocbfeast two months.
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Figure 64: Ageing of PNIPAM, MIX | and MIX Il graéid samples under air in the period of two

months.

3.2.3 Characterisation of the chemical composition of gritied surfaces

The surface chemistry of polypropylene plates ghfith PNIPAM, MIX | and MIX II
was examined by XPS analyses. The extent of polyamel/for polymer containing
surfactant solutions was followed as a functiorhelium plasma treatment time, which
was varied between Os and 180 s. The activationdeas at discharge power 75 W and
gas flow 30 sccm. The treated supports were atsonakively washed with buffer (PBS)
solution and water in order to ensure that thetgdafiyers were stable.
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3.2.3.1Grafting of PNIPAM

PNIPAM solutions for XPS study of grafted suppomgere prepared at the
concentration of 0.5 g/L. The immersion time ofgpie activated PP substrates in these
solutions was fixed to 2 h. The information abcw surface chemistry was obtained
from the XPS high resolution C 1s and N 1s scaguféis 65.a and 65.b respectively).
Relative concentrations of different functional gps on the surface of the samples are
gathered in Table 15.
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Figure 65: High resolution a) C 1s and b) N 1s speaf PNIPAM grafted on helium activated PP
plates (P= 75 W, flow= 30 sccm and t= 3 migike= 2 h and c= 0.5 g/L).

The C1 peak at 285.0 eV corresponds to C-C/C-H$ddd peak at 286.4 eV to C- N/C-
O and C3 at 287.7 eV is indicative of C=0 functiogaeoups. The amount of C-C/C-H
bonds decreased from 97.2% down to 70.5 % fordhgpkes that were exposed to helium
plasma for the longest time. On the other sidg#aks C2 and C3 increased to 14.6 % and
14.8 % respectively. Theoretically for PNIPAM mal&zs, the C 1s peak should posses
66.7% of C1 peak and 16.7%. of C2 and C3 peaks,ruhdecondition that they belong
strictly to the N-C and C=0 bond respectively. Néwgess it is hard-to distinguish and
decompose the C2 peak, C-N and C-O bhonds, bedaisbinding energies are too close at
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285.9 eV for C-N and at 286. 5 eV for C-O. Analogly can be said for the C3 peak, which
could belong to either C=0/O-C-O bonds at 287.7aed N-C=0 at 288.1 eV. The N 1s
peak at 399.9 eV (Fig. 65.b) is assigned to N-CAGQunctional groups.

The results in Table 15 suggest that there is atgtdgference of functional group
distribution between the samples as a functionlagrpa activation time, adversely to the
surface energy measurements. Higher plasma treatimees lead to lower the relative
amount of C2 peak and increase the C3 peak commdsknlible C=0/C=0-N functional
groups found in PNIPAM. In another way the percgataf polar groups on the surface
remained practically the same no matter how lormgpte-treatment time was, but their

chemical nature is different.

Absence of pre-irradiation gives coherent resulith wontact angle measurements,
indicating that the grafting yield of polymer wasgremely low. The results are showing
that there was the highest incorporation of PNIPAMins on surfaces that were pre-
treated with plasma for the 180 s, where @éhen activated samples was immeasurably
low. The difference between PNIPAM treated sampléth and without washing in
buffer solution (Table 15, samples 180 s* and 18@espectively) is insignificant,
indicating the strong covalent attachment of gchfégers.

Table 15: Decomposition of C 1s peaks of untreatsed PNIPAM-grafted samples with
assigned functional groups and their relative cotraiions at different He activation

times. The * stands for the sample washed withdoigblution.

Component Cl (%) C2 (%) C3 (%) C2+C3/
Energy (eV) 285.0eV 286.4eV 287.7eV XC1l+C2+C3
Possible C-C/IC-H C-O/C-N C=0/

assignment N-C=0

PP 97,2 2,8 / 2.9 %
PNIPAM O s 88.2 8.2 3.6 11.8%
PNIPAM 10 s 72.0 22.5 55 28.0%
PNIPAM 60 s 70.0 18.8 7.2 26.0 %
PNIPAM 180 s 70.5 14.6 14.8 29.4 %

PNIPAM 180 s* 68.5 16.6 14.9 31.5%
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3.2.3.2Grafting of MIX |

MIX | solutions for XPS analyses were preparedhat Gnpav= 0.5 g/L and Gras= 1
mM. The immersion of plasma-activated PP substiatdsese solutions was fixed to 5 h.
Additionally CTAB solution alone was prepared amM in order to compare sample
properties. The chemical composition of treated@asmderived from high resolution C
1s spectra is gathered in Table 16. The C 1s afhd Ngh resolution peaks of PNIPAM,
CTAB and MIX | grafted after 180 s of helium predtment are presented in Figures 65,
66 and 67 respectively.

B Rt e S
410 406 402
Binding Energy (eV)

Intensity (a.u)

280
Binding Energy (eV)

Figure 66: High resolution a) C 1s and b) N 1s speaf CTAB grafted on helium activated PP
plates (P= 75 W, flow= 30 sccm and t= 3 migyike 5 h and Grag= 1 mM).

Figure 66.a is showing a high resolution spectr&@ BAB with two peaks, a major one
(C1) at 285.0 eV ascribed to C-C/C-H functionalug® and a smaller one at 286.4 eV
corresponding to C-N/C-O functionalities. The Nalpat 402.5 eV corresponds to charged
nitrogen group functionalities as found in surfattéFigure 66.b). Namely, CTAB is

cationic surfactant, composed of long hydrocarti@ircand N (CHs)z Br head.
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MIX | (Figure 67) spectrum corresponds to both wdlial spectra of polymer and
surfactant (Figure 65 and Figure 66). There isgpearance of C3 peak, in comparison to
sole surfactant, due to the incorporation of PNIPA&vertheless, the relative amount of
C=0/N-C=0 functional groups was smaller in comparisvith a pure PNIPAM polymer.
Moreover the N 1s peak of MIX | is composed of tsut-peaks N1 at 399.1 eV and N2 at
402.5 eV, belonging to amid group of PNIPAM anditnely charged nitrogen of CTAB.
This data are indicating that the surface is comgas both- polymer and surfactant.
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Figure 67: High resolution a) C 1s and b) N 1s speaf CTAB grafted on helium activated PP
plates (P= 75 W, flow= 30 sccm and t= 3 migpike 5 h; Gras= 1 mM and Guipav=0.5g/L.

The results in Table 16 are showing various thikgst the untreated polypropylene
plate immersed into polymer/surfactant solutionileitdd very little change in the surface
functional groups. The same conclusion was draam fcontact angle measurements. The
amount of polar functional groups on the surfacegases with pre-treatment time. Contrary
to PNIPAM polymer where C2 peak was decreasing tséitment time and C3 increasing,
there is an augmentation of both (C2 and C3) pealkiX | grafted samples, corresponding
to the C-O/C-N and N-C=0/C=0 functional groups extpely. The results are confirming
the presence of both components (PNIPAM and CTABjhe surface. Consistently with
PNIPAM results, there were no denoting changesreedeon the MIX | treated surface

after washing them in buffer solution.
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Table 16: Decomposition of C 1s peaks of untreaed MIX | grafted samples with
assigned functional groups and their relative cotrefions at different He plasma-

activation times. The * stands for the sample weshigh buffer solution.

Component C1l (%) C2 (%) C3 (%) C2+C3/
Energy (eV) 285.0eV  286.4eV 287.7eV XCl+C2+C3
Possible C-C/IC-H C-O/C-N C=0/

assignment N-C=0

PP 97,2 2,8 / 2.80 %
MIX10 s 92.7 7.3 / 7.30 %
MIX110s 77.2 14.5 8.3 22.8%
MIX 160 s 75.6 15.7 8.6 243 %
MIX | 60 s* 74.4 16.8 8.5 25.3%
MIX'1180 s 73.0 16.9 10.1 27.0%
PNIPAM 180 s 70.5 14.6 14.8 29.4 %
CTAB 60 s 88.1 12.0 / 12.0%

3.2.3.3Grafting of MIX Il

MIX 1l solutions for XPS analyses were preparedti@ Gpnpav= 0.5 g/L and
Wrween26= 0.05%. The immersion of plasma activated PP satiestin these solutions was
fixed to 5 h. Additionally pure Tween 2Golution was prepared at 0.05% for grafting.
The high resolution C 1s spectra gave informatiooua the surface chemistry of grafted
polymers. The corresponding functional groups ateeyed in Table 17, while C 1s and N
1s spectra of Tween 2@nd MIX Il are shown in Figures 68 and 69 respetyi

The C 1s evolution peak of Tween®i8 showing markedly high C2 peak, which is
corresponding to the single C-O bonds. Lookinghat ¢chemical formula of Tween 20
(Figure 68), it can be seen that the big polar heatbmposed from a large number of
ether bonds. There is also a C3 peak observe@7at? 2V of double C=0 bonds and
additional component was identified; C4 at 289.0 as¢ribed to COOR bonds (Figure
68). After the addition of PNIPAM to surfactant thi@ 1s spectra changes quite
substantially and there is an appearance of N &k pheat is not observed in the Tween
20° surfactant (Figure 69). Furthermore the decredshenC2 and C4 components and
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increase C1 and C3 are also observed. These resmuifsmed the presence of both

PNIPAM and Tween 2Dcomponentsn the surface.
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Figure 68: High resolution C 1s spectrum of Twekgéafted on helium activated PP plates (P=
75 W, flow= 30 sccm and t= 3 minshing= 5 h and Wiyeenz= 0.05%).
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Figure 69: High resolution a) C 1s and b) N 1s speaf MIX Il grafted on helium activated PP
plates (P= 75 W, flow= 30 sccm and t= 3 migpike= 5 h; Wryeenze= 0.05% and &yipav=0.59/L).
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The grafting of MIX Il without the plasma activatiolead to practically same functional
groups and concentrations as found on the untreatiggropylene. The relative amount of
C2 peak grows with the plasma activation time. filative increase of C2 peak at 180 s is
23% in comparison to the non-activated sample. lfes durfactant used in MIX 1l is
composed of a large hydrophilic head and the PNIRAdértion reaches 20% of C-O/C-N
functional groups, the high amount of C2 peak (@§.Ppresents an evidence of high
surfactant incorporation on the surface. The sam@shing in buffer solution brought
unessential changes in the surface compositionfircong strong chemical bonding

between the substrate and grafted molecules.

Table 17: Decomposition of C 1s peaks of untreaed MIX Il grafted samples with
assigned functional groups and their relative cotraiions at different He activation

times. The * stands for the sample washed withdoigblution.

Component C1 (%) C2 (%) C3 (%) C4 (%) C2+C3+C4/
Energy (eV) 285.0eV  286.4eV 287.7eV 289.0eV XCl1l+C2+C3+C4
Possible C-C/IC-H C-O/C-N Cc=0/ COOH/
assignment N-C=0 COOR
PP* 97,23 2,77 /

MIX 110 s 96.6 34 / / 3.40%
MIX 1110 s 71.7 19.3 7.5 1.5 28.3%
MIX 1160 s 69.0 24.5 4.2 2.3 31.0%
MIX 11 180 s 64.9 26.5 6.4 2.15 35.1%

MIX 1l 180 s* 64.8 24.3 7.2 3.7 35.2%
PNIPAM 180 s 70.5 14.6 14.8 / 29.4 %
TWEEN 20 180 ¢ 51.80 42.1 3.1 3.0 48.2 %

3.2.4 Characterisation of the surface charge of graftedwgfaces

The zeta potential measurements were investigatedlifbferent polymer surfaces in
1.7x10° M NaCl solution at varying pH values. First sugaexamined were the virgin
PP sample and a PP sample treated with helium plésmeither 1 min or 3 min. The

second set of samples were the substrates gratadPMIPAM, MIX | and MIX Il as
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well after 1 min of helium plasma-activation or 3nnof activation. The zeta potential
measurements were made in the period of few dals afirface activation and/or
grafting (Figure 70).

The untreated PP sample has typiegH plots of non-polar polymers. The isoelectric
point of a virgin substrate is at pH= 4.5, whichinsa very good agreement with other
authors [195]. The shift of IEP to lower pH is ukyiavidence for acidic functional
groups on the surface and was observed for alieesurfaces. As we know our surfaces
possess basic character and there is strongerpéidsoof anions in neutral electrolytes,
we will rather consider the potential relatively @my the treated surfaces. The zeta
potential measurements at pH= 7.4 and 9.6 from pletiz for different treatments are
summarized in the Table 18 together with the cdntagle measurements and XPS
results. The two pH chosen are the one we are mtsested in for a further study of

biological samples.
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Figure 70: Zeta potential measurements on heliwsnph pre-treated samples for a) 1 min and b)
3 min and grafted with PNIPAM, MIX | and MIX I1.

Let us first compare the effect of plasma treatniené on zeta potential. For all the
grafted samples the potential is higher at shpftesma treatment time of 1 min. It could be
said that these surfaces are less basic, corrasgotal lower incorporation of polymer/
surfactant functional groups which was also suggebly XPS study. Contrary to grafted
samples, the activated sample shows smaller baagraater after prolonged treatment time,
coherently with increased O/C ratio. MIX | is tha&ly sample that reached plateau,
suggesting that the surface contained acid or Wastional groups that were completely
dissociated. Indeed, MIX | is the only sample thamtains a surface charge from CTAB;
(C16H33)N"(CHa)sBr ™.
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Table 18: Surface parameters (zeta potential, bastcgy and N/C ratio) of virgin PP
sample and He plasma-activated samples for one three minutes grafted with
PNIPAM, MIX | and MIX 1.

Treatment  &(mV); pH=7.4 {(mV); pH=9.6  y.°(MJI/M?) s> (MI/m?)  NIC (%)

PP virgin -36.4 -45.6 0.0 0.1 /
He 1min -42.7 -55.5 46.4 15 /
He 3 min -49.1 -65.6 44.9 1.6 /
PNIPAM 1 min -40.7 -37.9 109.5 2.4 0.063
PNIPAM 3 min -35.0 -32.7 110.0 1.2 0.103
MIX 11 min -51.9 -50.8 61.5 0.1 0.058
MIX 13 min -48.0 -44.0 66.6 0.5 0.041
MIX 11 1 min -41.9 -51.2 82.0 1.0 0.020
MIX 11 3 min -36.6 -42.3 73.9 1.0 0.042

If the three methods are compared, PNIPAM exhibiteast basic character by all
methods. Because of the greater electro-negativityoxygen, the carbonyl (C=0)
possesses stronger dipole than the N-C bond. Tésepce of a C=0 dipole and, to a
lesser extent the N-C dipole, allows amides toaacH-bond acceptors. The N/C XPS
ratio was chosen because of the basic charactamafo groups. The basic character
information provided by contact angle and zeta e analyses suggested that MIX Il
is more basic than MIX 1, while the XPS measuremgtinted the contrary. The higher
N/C ratio of MIX | does not take into account tlia¢ nitrogen groups of MIX Il contain
free electrons adversely to positively chargedogegn of CTAB. For MIX Il the zeta
potential measurements suggested more basic chiaedigtr 3 min of pre-treatment while

the contact angle measurements proposes the opposit

The two methods are often not completely in agregnibecause the acid-base properties
measured by zeta potential are due to the disgmtiaf functional groups according to
Brensted theory, whereas the contact angle apprdetgrmines electron donor/acceptor
according to Lewis. Another difference betweenrtiethods is that zeta potential measures
(feels) the charge of the surrounding and notgustusively surface charge like the contact
angle method. The results of the three methodslyniogerlap and methods are

complementing each other.
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3.2.5 Characterisation of the surface morphology

The morphology of polypropylene samples graftedPbi{PAM, MIX | and MIX Il was
analyzed by atomic force microscopy. AFM analydisveed us to obtain 3D images of

the surface and measure the average surface rasyhne

3.2.5.1Surface morphology of PNIPAM

The 2D AFM images of helium treated PP sample aadreated PP sample grafted with
PNIPAM are presented in figures 71.a and 71.b wamby. Plasma activation was
performed at P= 75 W, flow= 30 sccm and time oftiment 3 min. The PNIPAM
solution for grafting was preparad the c= 0.5 g/L. The helium activated sample gaes
smooth surface with the average surface roughné&ssid3l nm, where the roughness was
measured without a dust particle that can be geé#reileft corner (Figure 71.a). After the
PNIPAM grafting we obtained even smoother surfaitd e average surface roughness
measured over 10m x 10um area 2.2 +0.1 nm (Figure 71.b). The smoothingroast
probably be ascribed to the formation of homogesgmiymer layer, that covered the

stripes present on either untreated or plasmaetiesurfaces, arising from the polymer

production.
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a) b)
Figure 71: AFM images of a) He treated PP suppudttg He treated PP support grafted with
PNIPAM.

3.2.5.2Surface morphology of MIX |

The surface morphology measurement of MIX | grasadhples was composed of two
parts. In the first part the study of MIX | graity was performed at two different plasma
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activation times, 10 s and 60 s, at fixed mixingpreCpnipam= 0.5 g/L and Grag= 1 mM.
For the reference pure CTAB (C= 1 mM) without adgedlymer was grafted on a
substrate after 60 s of activation time. The AFNages over an area of fith x 10pum
are shown in Figures 72-74.
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Figure 72: a) 2D and b) 3D AFM images of MIX | owdre area 1Gum x 10 um grafted at
the= 10 s. Sa=3.1 £ 0.1 nm.
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Figure 73: a) 2D and b) 3D AFM images of MIX | othe area 1@m x 10um grafted ati.~=
60 s. Sa= 6.4+ 0.1 nm.

nm

5 20 25 30 35 40

i

1 2 3 4 5 6 7 8 910

1] 3.9

1 2 3 4 5 6 7 8 910
um 0

a) b)
Figure 74: a) 2D and-b)- 3D AFM images of CTAB otleg area 1@im X '10um grafted att.= 60
s; Sa=2.9+0.1 nm.
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Figures 72 and 73 are showing the difference ifasearmorphology between the sample
that was activated with helium plasma for 10 s @liedone that was activated for 60rbe
surface treated for a short time exhibits hair Bpeead features all over the surface, with
heights between 6 nm and 8 nm. There are as welk sndividual peaks observed with

height around 23 nm. The average surface rouglufidiss sample is 3.1 £ 0.1 nm.

After prolonged plasma treatment time there wastieeable difference observed (Figure
73). It seems that the increase of surface enexgyed the aggregation of thinner lines and
formation of relatively regular structures (howevest completely separated) that have
average diameter between 150 and 250 nm and lesigiihd 26 nm and average surface
roughness Sa= 6.4+1 nm. The same height of peaksobserved for the few structures
observed on sample treated for 10 s. Thereforeawgresume that the aggregation started,
just the surface energy was not important enougedoh final conditions. The structures on
the surface are micelles formed between the sarfaaend polymer. The evidence of mutual
cooperation between polymer and surfactant onioreaf mixed micelles is evident from
the comparison between Figure 71 and Figure 74evpere polymer and pure surfactant

are grafted on the activated substrate.

In the next step the influence of polymer and siiafat concentration was examined. The
substrates were activated by helium plasma for 80R= 75 W and flow= 30 sccm. The
solutions were prepared at four different surfactaroncentrations: £CAC,
CAC<Cx<CMC, G~CMC, G> CMC. The detailed description of solutions isalibed in
experimental part. The concentrations were caledldtom the Isothermal calorimetric
investigations published by other authors. Figirésfpresenting the height images obtained
by AFM measurements for the samples prepared faretit concentration of surfactant to

polymer ratio.

The grain like structures started appearing onstméace when the concentration of
surfactant was approximately at the critical aggtieg concentration, Figure 75.a. The
average surface roughness over thembx 5um was 3.6 + 0.1 nm. It can be seen through
roughness analyses that the surface roughnesasecdrén comparison to the PNIPAM or
CTAB sample. The micelles on the surface have diantetween 100 and 200 nm and their
height varies between 6 and 11 nm. This heightushmower than the one observed for
higher concentrations of surfactants (around 25.rWihen the concentration further
increased very regular and dense structures appedtk a diameters around 80 nm (Figure
75.b). The peak heights increased to 15-25 nm laem@fore the average surface roughness

increased to 6.9 + 0.1 nm.
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Figure 75: AFM images of MIX grafted samples at@&)-CAC, b) CAC<G<CMC,
¢) G~CMC and G> CMC.

Figure 75.c is showing the surface at the condstivhere the concentration of CTAB
in the polymer solution was around the CMC poirite Biverage surface roughness of the
surface is 4.6 nm, where the micelles that remalreae a height of 15 nm and the size
between 50 and 90 nm. The other filaments havsi#gebetween 4 nm and 6 nm. Above
the CAC value the average surface roughness desrdmk substantially to 2.4 nm.
Now bigger aggregates with different shapes aneissizere formed, from small micelles
with diameter about 50 nm to merged features vighsizes up to 400 nm.

For mixtures of ionic surfactants and non-ionic ypuérs the scattering techniques
revealed that the structures of these complexesuasfactant aggregates formed around the
polymer chain polymer and are often described asKiace models”. These aggregates are

typically smaller than the micelles of pure surdattin aqueous solution. The theoretical
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size of CTAB is around 2.2 nm at it forms micelesh aggregation number between 75
and 120. Therefore we can say that the featuresnads by AFM imaging with small
diameters between 50 and 100 nm belong to the mmeelles, whereas for bigger micelles
we can say that the aggregation of surfactant axasuifable.

The polymer bound surfactant aggregates start nm fan the solution) at so called
critical aggregation concentration (CAC) whichasver than critical micelle concentration
(CMC). The CAC in literature between the PNIPAM a@d@AB was established to be
0.23 mM at 29°C with the maximum of calorimetriovaiat 0.5 mM, corresponding to
highest number of surfactant bound to the polyrhairc The mechanism proposed was that
the isopropyl group of PNIPAM incorporates to thefactant aggregates, whereas more
hydrophilic backbone shields the hydrocarbon/watierface. Further increase of surfactant
concentration leads to decrease of calorimetrigesundicating lower binding and reaches
minimum. After with supplement of surfactant thehetpy is increased again due to the
favourable formation of free surfactant micellearthpolymer-binding aggregates. The
results of micellization in solution are in a vggod agreement with formation of the mixed
micelles on the grafted surfaces. It seems thagllegckeep their shape even after grafting
from the solution, providing that the surface egeagpd amount of free radicals on the

surface are just right.

3.2.5.3Surface morphology of MIX Il

The surface morphology measurements of MIX |l g@ftamples as a function of plasma
activation time, 10 s and 180 s, are shown overrfase area 1Qm x 10um in Figures
76 and 77 respectively. The immersion solution waepared at gypam= 0.5 g/L and
Wrween2e= 0.05%, where immersion time was 5 h.

Figures 76 and 77 are showing the difference ifasearmorphology between the grafted
sample that was activated with He plasma for 1@dsthe one that was activated for 180 s.
The short time activation leads to much lower extéraggregate formation comparing to
the sample that was pre-treated for 180 s (FigdyeThe average surface roughness over an
area of 1Qum x 10um for sample activated for 10 s was 2.8 + 0.1 nhe Teight of the
peaks on average is 12 nm and their diameter betdé@em and 200 nm.
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Figure 76: a) 2D and b) 3D AFM images of MIX Il awke area 1@m x 10um grafted at =
10 s.
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Figure 77: a) 2D and b) 3D AFM images of MIX Il ov&e area 1im x 10um grafted atd.=
180 s.
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Figure 78: a) 2D and b) 3D AFM images of Tween 28rdhe area 10m x 10um grafted atd.=
180 s.
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The increase of plasma activation time leads toease of surface roughness and
formation of regular structures. The height of pleaks now increased to 26 nm on average
with sizes between 150 nm and 300 nm, resulting surface roughness Sa= 7.1 £1 nm.
The micelles are larger than the micelles obtaifeedMIX | due to the larger size of
surfactant. The size of Tween®™i8 approximately 8.5 nm, whereas its aggregationber
is around 58. Figure 78 is an AFM image of the piween 28 surfactant grafted on the
surface after 180 s of plasma activation. A thicll amooth layer is formed with relatively
high amount of irregularities on the surface, S&=+30.1 nm.

In the next step the influence of polymer and suafiat concentration was examined.
The substrates were activated by helium plasma86rs at P= 75 W and flow= 30 sccm.
The solutions were prepared at four different sudiat concentrations: ;€CAC,
CAC<GC<CMC, G~CMC, G> CMC. The detailed description of solutions isatdsed

in experimental part.

As non-ionic surfactants like Tween®0ery weakly interact with PNIPAM we could
not find the CAC values for the two components. Triteraction of non-ionic surfactants
and non-ionic polymers can be induced by incorpgatydrophobic moieties in order to
strengthen the hydrophobic interaction between thEmerefore we have presumed as if
PNIPAM was hydrophobically modified by slightly ir@asing the temperature of solution

to 28°C and calculated the approximate ratios.

Figure 79 is presenting the height images obtaimedAFM measurements for the
samples prepared at different surfactant to polymaéips. Figure 79 is showing that
grafting of MIX Il is different than MIX I. Micells are observed just on sample 79.b,
where the concentration of surfactant was betwbéenGAC and CMC. At very low
concentration of surfactant, Figure 79.a, continpek/gonal network structures were
obtained with the height around 2 nm. The surfguqeears as the formation of micelles is
in the progress; however the separation did notiroget. Further increase of surfactant
leads to the formation of mixed micelles with vascsizes between 50 nm and 300 nm.
Their height varies in the range from 30 nm to @0 ¢Figure 79.b). Average surface
roughness on the area ofutn x 5um is 8.2 + 0.1 nm. Figures 79.c and 79.d show
appearance of big irregular plaques on the sudaebevated concentration of surfactant.
These features could be probably prescribed twigmesity of Tween 28

The addition of surfactant to polymer solution lisays an exothermic process. Binding
of surfactant to polymers will strongly depend dreit molecular properties and are

characteristic for each polymer surfactant mixtitrean be confirmed that morphological
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changes on the surface strongly depend on plasrampters and polymer/ surfactant ratio,

therefore for the desired application a fine turohthe surface needs to be performed.
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Figure 79: AFM images of MIX Il grafted samplesaatC;~CAC, b) CAC<G<CMC,
c) G~CMC and > CMC

3.2.6 Conclusions

The surface energy measurements obtained by carigtd analyses did not show much
influence on the surface characteristics of gratathples with plasma pre- treatment
time, even though the surface energy before théiggavaried between the samples.
Contrary to this, the XPS analyses and AFM imagshgwed that there was a great

difference between the supports. This was explamethe fact that the grafting at all
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conditions introduced the polar functional groupstee surface, but their chemical nature
was different. On the other hand if samples wereawtivated by plasma the yield of
grafting was very low. The introduction of smallncentration of surfactants to polymer
solution rapidly and markedly changed (decreadeel)btasic character of pure polymer.
This was observed by both, contact angle and zstnpal analyses. The basic character
of the samples falls in the following order: PNIPANMIX 11> MIX |, coherently with
their molecular characteristics. The formation aho-structured features on the grafted
surfaces is strongly dependant on the plasma deaistics and as well the molar ratios
used between the surfactant and the polymer. Térerethis technique presents a
relatively simple method to control the surfacerabteristics (functional groups, surface
charge, acid- base character and topography) faous applications, however fine
tuning of conditions needs to be performed. Theséaces display high stability under

atmosphere conditions in the period of at leastrvemths.



Protein adsorption study and biological validatidmodified supports 135

4 Protein adsorption study and biological validationof

modified supports

In the introduction we have exposed the problemattiprotein adhesion on the storage
tubes made of polypropylene. No matter what was#tare of the protein (recombinant,
cellular or infectious) the adsorption was subsédntherefore the interest is to preserve
these proteins in the solution, especially the laik@ars found in the cerebrospinal fluid
(CSF), that are used as an aid in diagnostics wbws neurodegenerative diseases like

Creutzfeldt—-Jakob, Parkinson and Alzheimer disease.

The goal of the study presented in this chapter wasdetermine the surface
characteristics, regarding surface energy compsendémctionalities and topography that
lead to the lowest adsorption of these proteins. this purpose in the first phase the
Eppendorf tubes were treated with ;Gifasma or grafted PNIPAM, MIX | and MIX II.
Afterwards these tubes were subjected to variousodegenerative agents in their native,
recombinant or infectious forms for certain timel amalyzed by classical ELISA (Enzyme-
linked immunosorbent assagjotocols, optimized for each protein. These testsvided
information about the amount of adsorbed and/@yvered proteins from different tubes. In
order to access to some additional details on tbteip adsorption to modified supports,
XPS and confocal microscopy analyses were perfoimtuge presence of proteins.

In the second part the influence of storing coadgi (temperature, time and pH) on the
protein adsorption were considered. This was faldwy the study of the plasma grafting
parameters and polymer to surfactant ratio on pradsorption, taking in mind that these
factors markedly influence the surface properi@squnt of functionalities, roughness and
nano-topography) and therefore very likely theberactions with proteins. Finally, some
general conclusions about the influence of surfaoperties on protein adsorption will be

drawn.
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4.1 Evaluation of the non-fouling properties of treatedsupports
by direct and “sandwich” ELISA tests

For the following experiments the Eppendorf tubeseatreated either with GBlasma or
pre-treated with helium plasma and grafted with AN, MIX | or MIX IIl. The CF,
plasma treatment was performed at conditions wtiexesurface energy had the lowest
value (P= 50 W= 40 sccm and t= 7 min; Chapter 3.1). At these itmms the F/C ratio

reached 1.00 and the water contact angle 132°.

The other lot of Eppendorf tubes was activated élyum plasma (P= 70 Wp= 30
sccm) for 60 s when MIX | was grafted and for 18@tsen immersion was done in the
PNIPAM or MIX Il solutions. The PNIPAM solution wgsrepared at c= 0.5 g/L (N/C=
0.10,0= 10°), MIX | at enpav= 0.5 g/L and grag= 1 mM in 1:1 volume ratio (N/C=
0.06,0= 23°) and MIX II at gnipam= 0.5 g/L and Wyeen2®= 0.05% in 1:1 volume ratio
(N/C= 0.04,0= 17°). Immersion lasted 2 h for PNIPAM and 5 hK&iX | and MIX II.
Afterwards Eppendorf tubes were emptied, washed distilled water and dried under
laminar flow at ambient temperature.

| have performed the biological analyses undeawdr of European project Neuroscreen
in three different laboratories: ULG (Centre de IRgche sur les Protéines Prion, Université
de Liege), CHUL (Hospices Civils de Lyon) and L-URllancaster University). Each
laboratory is specialized for certain type of d&s=a therefore the protocols used for the
following analyses were optimized by each labosat@nd are detailed in experimental

section.

Essentially all proteins (with exception @&yn that was stored for longer time) were put
into untreated and treated Eppendorf tubes anddsfor 24 h at 4°C. At the same time a
reference sample was made, where protein was storgdreated PP tube and immediately
frozen at -80°C. This sample stayed frozen for Zhdh analysed in parallel with samples
that stayed for 24 h at 4°C. From now on, this lgllreferred to asssoec)Sample, which
will correspond to 100% of the protein recoveryeTidex 15 stands for 15 minutes needed
from the time the sample is unfrozen and analysdtbr 24 h the ELISA tests were
performed either on the tubes (direct ELISA) andfothe supernatant (“sandwich” ELISA)

corresponding to amount of the protein adsorbedamvered from the tubes respectively.
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4.1.1 Evaluation of the non-fouling properties of treatedsupports by
direct and “sandwich” ELISA tests during the storage of
recombinant proteins: PrPreG,ym, Taucand a-syn

The recombinant human prion protein (PrRggcwas diluted in PBS buffer at pH=7.4
and stored in untreated and treated Eppendorf tabtee concentration ofuty/mL. The
tubes were stored at 4°C for 24 h, while one utgtetube was put to -80 °Ci4(gooc) for

24 h. After this time proteins were taken from thbes and deposited on the strips pre-
coated with capture antibodies and analysed wiéimdgich” ELISA test. Alongside the
ELISA tests were performed directly on the Eppehdabes. The results of direct and
“sandwich” ELISA tests are presented in Figure 8Be red column is showing the
amount of protein adsorbed on the Eppendorf tulskie the yellow column presents the
amount of recovered protein in supernatant. Thealptiensity results were normalised
towards the sample stored at -80%sgocc), corresponding to 100% of the protein. The
improvement of treatment towards the untreateduPe that was stored for 24 h at 4°C

are written above the column in red coloweg).
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Figure 80: Optical density measurements of dinext)(and “sandwich” (yellow) ELISA test on
PrPregum stored for 24h at 4°Ct46s0c) is Sample stored in PP frozen at=80°C for 24 h.
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The average measurements obtained by several mygds are indicating that around
55% of the initial amount of proteins was lost doethe adsorption on the untreated
polypropylene tubes after 24 h of storage. In teeof fluorinated tubes (by €plasma)
an unusual phenomena can be observed. In one wagntlount of protein adsorbed is
very close to the background as if practically motgin was adsorbed and on another
hand just 30 % of the protein was detected in #maining solution. The hydrophobic
surfaces are known to cause irreversible adsorgfgoroteins due to the spreading of
hydrophobic core of the protein over the surfaesulting in irreversible unfolding of the
proteins [196]. The deformation of the protein mlager is enabling the formation of the
second layer resulting in a high loss of proteirmsnf the solution. The growth of third
layer on the other hand is normally prevented duthé low affinity of proteins among
themselves. Nevertheless, the formation of thidtgin layer can cause the burring of the
recognition sites of the protein to the bulk andhansequence they can not be accessed
and recognized by the antibodies, leading to tse faegative signal of protein presence
on the tubes. Therefore the 70% of the protein Wes not detected was most probably
adsorbed on the tubes and not identified due tocabme mentioned reasons. Another
reason next to the hydrophobicity could be the gmes of small quantities of aluminium
on the walls of Eppendorf tubes, as the proteimsaher biomolecules possess relatively

high affinity towards the metals.

On the other hand the experiments performed on RMIReated tubes gave too high
signal. In one way the direct ELISA test indicdtatt55% of the protein was adsorbed to
the tubes, while the “sandwich” ELISA test is shogvthat there was 60% of the protein
recovered from the solution. We need to realisé tthea data about the protein recovered
from the supernatant are exact and the differenoges from the proteins adsorbed on the
Eppendorf tube. If we look at the scheme of diEEICISA test (Chapter 2.4) we see that it
is composed of several steps: first the proteicosted in the tubes, than the surface is
blocked with BSA (in the case of PrPxgg, afterwards the detection antibody coupled
with HRP is added. Finally TMB is added that reagithh HRP which gives colourful
reaction indicating the presence of the proteinthensurface. Presuming that the surface
was not blocked well with BSA, the parasite intéiats between the PNIPAM grafted
surface and the antibody/HRP or TMB can occur,ifeatb the false augmentation of the
signal on Eppendorf tubes. The repelling propeieBNIPAM towards BSA below the
LCST have been reported by several authors [197].tlkis reason we have performed

XPS analyses on the treated surfaces exposed to #8&sAon, in order to affirm or
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invalidate their interaction. Indeed the resultevgéd that there was no adhesion of BSA
observed on PNIPAM grafted plates and will be pmesd more in detail in Chapter 4.2.1.

Anyhow, the recovery of protein from PNIPAM treatéubes remains close to the

untreated tubes, which is not adequate from thécapion aspect.

Similarly to PNIPAM, relatively high adsorption amd 40%) of PrPree, was
observed on the MIX |l treated surface as well. &dely to all other tubes, MIX | showed a
very low adsorption (5%) and very high recoveryy@wf the protein. In other words, there
was 2.1 times more protein preserved in the MI¥eated tubes compared to the untreated
PP tubes at the same storage conditions. Thedtsraiattesting to a high improvement in
performance of Eppendorf tubes, under the condittat an appropriate treatment is
applied. All the results presented are the outcaheseveral experiments that were
performed during the three years of experimentis eans that the proteins were provided
from different sources and that the tubes wereguegpindependently for each experiment,
leading to repetitive statistical results.

The results of Tau storage are presented in Figure 81. Protein vieiediin PBS buffer
solution to the c= 100 pg/mL and stored for 24 KA. After 24 h the supernatant from
these tubes was examined by “sandwich” ELISA tegtng us just the results about the

amount of recovered protein from the solution.
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Figure 81: Optical density measurements of “sandiid ISA test on Tay. stored for 24 h at
4°C.
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The tests were not performed directly on the tuhesto two reasons: on one hand the
laboratory working with Tau protein (CHUL) is foagson the study of the supernatant and
on the other hand as tesiee extremely expensive just the “sandwich” ELISAused
because it gives much more accurate results anubiie sensitive than direct ELISA test.
One more point needs to be mentioned; for thisraxeat we did not have a frozen sample
at -80°C fisesocc), therefore we can not quantify the amount of duswd protein.
Nevertheless, we can compare the values obtaing@ated tubes towards the untreated PP
sample, which will give us the relative value howan more of the protein was recovered
from the treated tubes than from the untreated. tibethis reason the percentages are not
put in the columns, but the relative improvementvigiten above themn(p). For the
fluorinated Eppendorf tubes, as before, the logsratiein is high. On the other hand there
are around 2.5 times more proteins that remainédeirsolution comparing to untreated PP
tubes for all hydrophilically modified samples.skéems that the Taul protein is rather
unselective towards the PNIPAM, MIX | or MIX 1l séments.

The storage results of monomeric recombirasyn over 1 month period are shown in
Figure 82.
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Figure 82: Optical density measurements of “sankiviflISA test ona-syn stored for 1 month

at 4°C; €1s¢.s00c) is sample stored in PP frozen at -80°C for 1 imont
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The storage in the untreated tube resulted in appately 65% loss of protein, similarly to
MIX | and CF; treatments. On the other hand PNIPAM treated Eppémabes preserved
relatively high amount ofi-syn (85%) even after storage of 1 month. In otherds, we
detect 2.4 times more protein when stored in PNIPédvhpared to the virgin PP tube.
Unfortunately the results of storage on MIX Il amet available. There were several
experiments performed on monomeric recombinantaagynuclein in ULG and CHUL
laboratories, however due to its high aggregatimpgrties we could not attain repetitive
results. At this attempt we have tried differenotpin providers, different capture and
detection antibodies, blocking agents and protoaokspite of that, the consistency of results
was not sufficient. Alpha-synucleins have no orgedi structure which makes them
especially prompt to form big aggregates and f@ tbason the detection is usually done

with the precipitated oligomeric form.

4.1.2 Evaluation of the non-fouling properties of treatedsupports by
direct and “sandwich” ELISA tests during the storage of proteins
from CSF: TauPHF, Tau and Ap-42

In the next part of experiments the cerebrospingad {CSF) of a patient was stored for 24
h at 4°C. The CSF itself contains approximatel¢®d various plasma proteins, or 15 to
40 mg/dL. From this fluid the recovery of neurodegmtive agents was monitored by
“sandwich” ELISA protocols. The protocols are dédsed in detail in experimental part.
The optical density measurements of PrPc in CSFRrfdeg,m spiked in CSF are
shown in Figure 83. By spiked we mean that thermdsoant prion protein was added in
the c= 50 ng/mL to the CSF of a patient. The biagedtudies [198] have shown that
the level of total prion protein in CSF of humarféeeted by different neurological
diseases is significantly reduced. For this reasas very important to ensure that the
reduction of total prion protein is not a consequeeaf protein adsorption onto the walls
of Eppendorf tubes. The loss of PrPc reaches thee varound 40% when stored in
untreated Eppendorf tube for 24 h. On the othedMhha recovery results of prion protein
storage in PNIPAM treated tubes is much higheryaao85% of the protein remained in
the solution. Even better results are obtained G&F stored in MIX Il modified
Eppendorf tubes, there was no lost of PrPc obser@edhparing to the untreated PP
tubes, there was around 1.6 times more of the iprpteserved with MIX |l treated tubes.
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Figure 83: Storage of CSF (yellow) and CSF spikét RrPreg, (black) in modified Eppendorf
tubes for 24 h at 4°C and detected for PrP protein.

In the Figure 83, the black columns are presertiagstorage results of CSF spiked with
PrPregum Whether the PrPrgg, was stored in a single buffer solution or in thatn®
(CSF), there was a high adsorption of recombingonhyprotein observed on the PNIPAM
and MIX Il and extremely low on MIX | treated Eppkmf tubes. This is indicating a strong
affinity of the recombinant form of prion proteiowards the PNIPAM and MIX Il and low
affinity towards MIX I, which is completely opposias observed for PrPc.

Figure 84 is showing ELISA “sandwich” results févetstorage of cerebrospinal fluid
(CSF) for 24 h at 4°C. The CSF was tested for Taal,t hyperphosphorylated Tau
(TauPHF) and B-42 peptide. These three biomarkers are presaheiCSF and are often
used for the diagnostics of Alzheimer’s diseas€]1®atients that have developed the
disease posses higher amount of total Tau and pbogated Tau in their CSF, while the
amount of 8-42 peptide decreases.

The quantity of total Tau protein in CSF decredsecround 20% in untreated and CF
treated tubes, while the protein concentration neeth practically unchanged for all
hydrophilically treated surfaces. Similar resuler@obtained for recombinant Tau protein.
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Figure 84: Storage of CSF in different Eppendopiesifor 24h at 4°C; recovery of Tau total (red),
TauPHF (green) andpAd2 (yellow).

The hyperphosphorylated Tau and amylojgt42 have comparative tendencies towards
the supports. There was no visible adsorptionrebdefor the two proteins on PNIPAM
and MIX Il treated Eppendorf tubes. In comparisathwihe untreated tubes, a remarkable
increase of detected TauPHF protein (x2.6) isregthi Furthermore the amount op-A2
peptide is 1.6 times higher when CSF was stor&@NHPAM and MIX Il, compared to the
virgin PP tubes. For 42 peptide stored in MIX | modified tubes, theaeery results are
relatively good, there was around 85 % of the jmdieat stayed in the supernatant, while
for TauPHF protein the loss was more important (46%

The surface properties of treated supports aregathn Table 19, whereas the recovery
values for each protein can be found in Table 2@ fecovery of Tagt is referred to the
untreated Eppendorf tubes, while the recovery efrést of the proteins corresponds to the
initial value of the fresh sample. Table 20 corgdime basic properties of proteins as well,
where AA stands for number of amino acids, pl toelectric point and HP/HB to

hydrophilic or hydrophobic character respectively.
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Table 19: Table of basic surface properties (serfagcergy components, zeta potential

and XPS measurements) of untreated and treatedesamp

PP virgin PNIPAM MIX | MIX I

Yiot (MI/NF) 34.8 72.1 67.5 66.8
v (mJ/nf) 34.7 19.1 16.6 23.4

v (MJ/nt) 0.1 52.9 50.9 435

Y (mJ/nf) 0 110.0 61.5 73.9
¢ (pH=7.4) (mV) -36.4 -35.0 -51.9 -36.6
o/C 0.05 0.29 0.20 0.31

N/C 0.0 0.10 0.06 0.04

Rms (nm) 2.8 2.2 6.4 7.1

Table 20: recovery data for stored proteins in RB& CSF relatively to the fresh sample
and basic properties of studied proteins; astéjixn@rks the relative recovery of Tau

in PBS towards the untreated Eppendorf tube atahds for non-determined results.

PP virgin PNIPAM MIX | MIX I Protein
properties
Recovery in size (AA), pl,
PBS (%) Hydrophilicity
PrPregum 45 % 60 % 95 % 60 % 218, 9.8, HP
Tauec /* + 150 % * + 150 % * + 150 % * 441,6.5-8.5,/
a- syn 35 % 85 % 30 % / 140,4.7, HP
Recovery in
CSF (%)
PrPc 60 % 85 % 70 % 95-100{% /,5-8,/
Taut 80 % 95 % 100 % 95 % 11,1
Tau PHF 40 % 100 %o 55 % 100 % /,5.5-6.5,/
ApB-42 60 % 100 % 85 % 100 % 42,5.5,HB

The PrPregm has an extremely good recovery when stored in Mtkeated tubes.
The first statement that can be made is that thama should possess hydrophilic

character in order to be repellent for PriRggcNevertheless, that does not exclude
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PNIPAM and MIX Il treated surfaces that were shdawradsorb relatively high amounts
of recombinant prion protein. If surface properidsviIX | are compared to MIX 1l and
PNIPAM, few differences can be observed. FirstiyXM has the lowest dispersive
componenty’= 16.6 mJ/mM, whereas the dispersive components of PNIPAM atxi M
are 19.1 mJ/fand 23.4 mJ/Arespectively. Therefore, the dispersive componaite fn
the same order as PrPgggadsorption on MIX [I>PNIPAM>MIX .

Secondly, MIX | possesses the lowest basic charaatel O/C ratio from the
hydrophilically treated surfaces. In conclusiore importance of the charge at working
conditions (pH=7.4) is most important on MIX | tted surfaces and corresponds to the
value of{(7.4)= -51.9 mV, while the zeta potential on bothiPAM and MIX Il is just
around -35 mV. This factor seems to be of a gmagiortance, most probably due to the
fact that the isoelectric point of PrPgggis very high (pl= 9.8) which means that at
working conditions the protein is becoming lessrghd and more prone to aggregate. It
is known [200] that the highest protein adsorptians observed when the net surface
charge of a protein is zero, therefore the highiarged surface as found in MIX |
(€(7.4)=-51.9 mV) seems to induce the electrostatitision between the protein and the

surface.

The recombinant Tau protein is relatively large esale composed from 441 amino
acids and presents an isoelectric point betweeartl®.9. The recovery of Tau protein was
improved on all hydrophilic surfaces and did natvglany specific selectivity among them.
On the other hand-syn is a small protein (140 amino acids) with p=4rhe recovery of
recombinanti-syn gave relatively good results with PNIPAM treant, 85% of the protein
was preserved even after 1 month of storage. Heeoiproteins has a very important effect
Namely the amount of amino acids between proteary geverely, meaning that some
proteins will have large amount of patches thatattracted to a certain surface. On another
hand these proteins are subjected to constant ehahgconformations that occur in

picoseconds range, leading to higher amount ofeggdjon for certain proteins.

In contrary, the lost of the protein on untreatad MIX | treated tubes was substantial,
65% in the case of untreated tubes and 70% omnilties treated with MIX I. Considering the
surface, PNIPAM has much more basic character dkizar treatments and also the highest
total surface energy and low surface roughnessu-8yn is small, the surface roughness
could play an important role in-syn adsorption, but unfortunately there are naltes
available for MIX Il to confirm this hypothesis. @paring the three proteins, it could be

said that the higher the pl of a protein is, lessidand more charged should be the surface
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in order to repel the protein in question.

The recovery of proteins from CSF is showing qoippposite results to the recovery of
recombinant proteins stored in PBS. The cellularpprotein is now adsorbed in highest
guantities onto the MIX | treated tubes, followgdRNIPAM treatment, whereas the signal
of the CSF stored in MIX Il remained unchanged omparison to the fresh sample. This
alteration could be due to the lower isoelectrimpof the PrPc (pl= 5-8) comparing to the
pl of PrPregymat 9.8.

The adsorption study from a single component swiutiearly showed that the proteins
with lower pl are repelled better from surfaceshvhigher basic character and O/C ratio.
The recovery of TauPHF andBAt2 peptide from CSF is extremely high with PNIPAM
and MIX Il treatment as there was no lost of prdedbserved after 24 h of storage. On
the other hand, MIX | was subjected to relativalpisg protein adsorption, the amount of
TauPHF adsorbed was 45%, while less adsorptiorped2Awas observed. The difference
between the two proteins is thap-42 peptide is highly hydrophobic. It seems that
different types of Tau protein have higher affinifgr the surfaces with lower
hydrophobic character, O/C ratio and importantaefcharge.

The results above showed that there are importHatehces in results obtained from a
single-component recombinant protein solution ancbmplex multi-component solution
like CSF. One reason is that the properties oh#itere, recombinant and infectious form of
proteins differ substantially and secondly therpr@bably a preferential adsorption of non-
degenerative proteins present in the plasma pbake Eppendorf tubes, leaving the desired

proteins intact in the solution.

Namely a very important factor in a complex solutis mass transfer towards the
surface, which will depend on the concentratioindividual protein in the solution and is
inversely correlated to its molecular weight. Thealler proteins with high concentrations
will come to the surface first and are replacedrafards with larger proteins having higher
affinity for the surface. The studied neurodegeaineragents have relatively small masses in
comparison to the other proteins from the plasndd][Zso the replacement effect is highly
probable. As MIX Il is working extremely well fohé¢ recovery of all proteins from CSF
even though their properties vary, we expect stadfigity of other plasma proteins towards
the MIXII.
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4.2 Evaluation of the non-fouling properties of treatedsupports by
physicochemical characterization of surfaces afterprotein

contact

For the below mentioned experiments the polypromylplates were treated either with
CF4 plasma or pre-treated with helium plasma and ggdaftith PNIPAM, MIX | or MIX

Il. The conditions used for treatments were theesasifor the biological validation test
presented in the previous chapter. In the followstgp, different neurodegenerative
proteins (PrPregm Tauec and a-syn) and blocking agent (BSA) were spread over the
surface and left at room temperature for 2 h. Toecentration of neurodegenerative
recombinant proteins for the following experimemias 50 ng/mL, whereas the mass
fraction of BSA was set to 3%. As it was mentiomedhe previous section (4.1.1) the
results between the direct and “sandwich” ELISA tesre not coherent for PNIPAM and
CF, treatments. For this reason the tests with BSAevaEme in order to obtain some
additional information about the ability of BSA bdock differently modified surfaces.
We have supposed that the PNIPAM has a low affitutyards the BSA and because of
this, the surface could not be blocked sufficignthiggering the parasite interactions of
other molecules used for the detection (HRP, TMBhwhe surface. This could lead to a
false positive signal on the tube, as if the proteas present. After immersion in protein
solution, the plates were rinsed with distilled evaand dried under laminar flow. On
these supports, XPS and confocal microscopy arelysee performed in order to attain
some supplement information and compare the resaltsiological validation ELISA

tests.

4.2.1 Chemical characterization of treated surfaces expesl to protein

solution

The high resolution Cls XPS spectra of untreatedpsa (PP), Ck plasma treated,
PNIPAM, MIX | and MIX Il grafted samples that weexposed to different protein
solutions are shown in Figure 85. The correspongieak assignments are gathered in
Table 21 and Table 22.
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Table 21: Decomposition results of high resoluidids peaks of hydrophobically treated
samples exposed to protein solution with belondimgtional groups and O/C ratio.

Component C1 c2 C3 C4 C5 C6 o/C
Energy (eV) 285.0 286.7 288.2 289.7 291.6 293.6

Possible C-C/IC-H C-O,C-F 0-C=0 CF-GF CR CR;

assignment

PP+CkH 42.7 14.3 8.7 12.9 15.4 6.1 0.14
PP+ CR+ BSA 41.9 135 7.8 14.3 15.6 6.9 0.13
PP+ CR+PrPrec  61.9 9.5 6.7 7.4 10.3 4.2 0.16
PP+ CR+Taurec  44.6 13.7 7.9 13.5 15.1 5.2 0.13
PP+ CR+a-syn 39.4 13.9 8.1 145 16.7 7.4 0.11

Table 22: Decomposition results of C 1s peaks dfeated and hydrophilically treated
samples exposed to protein solution with belondimgtional groups and O/C ratio.

Component C1 (%) C2 (%) C3 (%) C4 (%) o/C N/C
Energy (eV) 285.0eV  286.4eV 287.7eV 289.1eV

Possible C-C/C-H C-0O, C-N C=0, O-C=0

assignment N-C=0

PP 97.2 2.8 / / 0.05 /
PP+BSA 52.4 27.4 20.2 / 0.30 0.23
PP+PrPrec 98.1 1.9 / / 0.04 /
PP+Taurec 92.3 4.9 2.8 / 0.14 0.03
PP+a-syn 95.6 3.2 1.1 / 0.10 /
PNIPAM 69.5 17.1 13.4 / 0.29 0.10
PNIPAM + BSA 70.1 16.4 13.5 / 0.28 0.09
PNIPAM+PrPrec 70.5 20.6 6.6 2.3 0.26 0.05
PNIPAM+Taurec 71.2 16.6 12.2 / 0.28 0.07
PNIPAM+a- syn 64.3 22.6 13.1 / 0.36 0.05
MIX | 80.6 13.7 5.7 / 0.20 0.06
MIX | + BSA 56.0 24.4 17.6 2.0 0.25 0.21
MIX | + PrPrec 83.4 12.2 4.2 / 0.18 0.04
MIX | + Taurec 83.5 13.2 3.3 / 0.19 0.05

MIX | + a-syn 85.5 9.7 2.8 1.9 0.22 0.02



Protein adsorption study and biological validatidmodified supports 149

MIX I 60.2 30.6 6.6 25 0.31 0.04
MIX Il + BSA 59.1 20.8 19.8 / 0.28 0.23
MIX Il + PrPrec 73.1 18.6 6.2 2.2 0.29 0.03

MIX Il + Taurec
MIX Il + a-syn 64.9 25.2 7.1 2.8 0.47 /

Let us first consider the adhesion of the bloclkaggnt (BSA) to the untreated and treated
surfaces. The hydrophobically treated support;JGRowed no significant change in the
chemical composition (Table 21) upon exposure efdhrface to the BSA solution. This
could happen either due to the low adsorption oA BSshorter times of exposure or, more
likely, because of the low wettability of the swdathat disallowed a homogenous spreading
of the protein across the support. Namely the XR8yaes the surface in the spot area of
400 um, while the size of the sample was 1 cm x 1 cnerdfore there exists a probability
that we did not manage to analyse the area on vitwcproteins were spread. Adversely, the
exposure of virgin PP substrate to BSA solutiorugha big changes in surface composition
(Table 22, Figure 85.a). The C1 peak at 285.0 & thrresponds to C-C/C-H bonding
decreased from 97.2 % to 52.4%, while the C2 p€al/C-N) increased from 2.8% to
27.4%. At the same time new peak at 287.7 eV appebelonging to C=0/N-C=0
functionalities. Consequently there was a big iaseeof O/C and N/C ratio for 0.25 and 0.23
respectively. These data are indicating an extrghigh adsorption of BSA to the untreated
polypropylene surface.

For the hydrophilically modified surfaces the PNN?Areated supports showed complete
resistance towards the BSA. There was no changbeoSurface chemical composition
before and after the exposition of PNIPAM platethie BSA solution (Table 22, Figure
85.b). This result confirms the inadequate surfatecking as proposed before and
possibility of foreign interactions of the surfasgth HRP labelled detection antibody or
TMB. Highly noticeable changes can be seen forattechment of BSA to the MIX | and
MIX 1l treated surfaces (Table 22).The C1 peak dKMdecreased from 80.6% to 65.0%,
while C2 and C3 peaks increased from 13.7% to Z#lahd 5.7% to 17.6% respectively. A
new C4 peak with relative intensity of 2% also aypd. Adsorption of BSA to MIX I
treated supports decreased the C2 peak from 3@.68€ 20.8% and increased the C3 peak
from 6.6% to 19.8%. There was also a disappearain€d peak, corresponding to O-C=0
bonding. The adsorption of BSA is very strong drsapports except PNIPAM (and ¢F
As the N/C ratio of all supports that strongly matged with BSA is around 0.23 and the
diameter of BSA (6.4 nm) corresponds to analytitgith of XPS, it can be said that the
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BSA completely covered and therefore blocked tiseskaces.

In the next step we will consider the attachmemeirodegenerative proteins to either
hydrophilic or hydrophobic surfaces. The XPS resaftrecombinant protein adsorption on
hydrophobically (Ck) treated plates are shown in Table 21. There wasnwrkable
increase of C1 peak observed at 285.0 eV (19.88®)rereg,m adsorbed on the fluorinated
plates in comparison with the plates that wereexpbsed to protein solution. At the same
time the relative concentration of C2-C5 peakspiigihg to different fluorinated functional
groups decreased quite substantially, suggestgig ddsorption of PrPrgg, on the plates.
The same was observed by ELISA tests, confirmirg high affinity of PrPregm, for
hydrophobic supports. Oppositely, there were noifsognt changes in the surface chemistry
of the fluorinated surfaces exposed to d@aanda-syn protein solutions. Unfortunately, the
available amount of proteins was limited and astioeed before for BSA, it prevented the
homogenous spreading of protein across the subdiisg to the extremely low surface
energy of fluorinated supports. Therefore it cahb®said that the adsorption did not occur
(as the biological validation tests showed the reop), but rather that the scanned surface
area with XPS was not sufficiently large and waedkitioned. The XPS results will be
compared after with confocal microscopy imagingerehthe samples can be scanned over
an area as large as 1 cm x 1 cm by simple manipulaf the sample position towards the
imaging area.

The exposure of PNIPAM grafted sample to.daorotein solution did not result in
change of surface chemistry composition indicatig or negligible adsorption of this
protein to the surface (Figure 85.b). ImmersioRPNIPAM treated plates int@-syn solution
showed very small changes in surface functionsgjitiee C2 (C-O/C-N) peak increased for
4% suggesting a small adsorptionaedyn to the surface. On the other hand the adsorpti
of PrPregum from gave rather important decrease of C3 pealO(Q¥C=0) for 7% and a
new peak (C4) appeared at 289.1eV (O-C=0). Theltseswe confirming stronger
attachment of prion protein to PNIPAM surface cormgato a-syn, as was already

suggested by biological validation results.

The adsorption of all neurodegenerative proteirteedIX | treated supports is very low
and can not be deducted from the high resolutios $pectra (Figure 85.c). However if we
look at peak composition in Table 22, it is possitd see thati-syn adsorbed to MIX |
treated surfaces. Namely, C2 and C3 peaks decreasaghring to MIX | treated sample
(for 4% and 2.4% respectively) and a formation éfgeéak occurred (1.9%). There was also

an increase of C1 peak for 4.9%, corresponding@@H functional groups.
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Figure 85: Comparison of high resolution Cls speofruntreated PP sample and untreated PP

sample dipped in protein solutions: BSA, PrRrgcTaue. anda-syn.

Contrary to MIX I, MIX Il high resolution C 1s spea show extremely attractive surface
upon protein adsorption. All proteins with exceptaf Taue: adsorbed substantially (Figure
85.d). This confirms the biological validation t@&trformed on recombinant proteins. The
adsorption of PrPrggn on MIX Il caused a high decrease of C2 peak (184gpesting that
a big amount of recombinant prion protein was dutstron the surface even though the

concentration of protein was very low (50ng/mL)ikdwise for the PrPrgg, adsorption,
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the a-syn adsorption results in the drop of C2 peak, dvaw less severely (5.4%). From
these results we can conclude that MIX Il posseadegher affinity towards the PrPrgg
than towards the- syn. On the other hand, the contact of MIX litptawith Taw solution
did not bring any visible changes in surface contipos proposing its neutrality toward the
Tau protein. It is interesting to compare the beéhavof recombinant forms of protein
towards the natural forms found in CSF. Adverselgecombinant forms of proteins in PBS,
MIX 1l showed remarkably high recovery of differegpes of proteins from CSF as shown
by biological validation tests.

Regrettably the XPS analyses could not be perforomedroteins from the CSF, taking
into account that it is composed of a large vargégtgifferent proteins. The XPS results are
in a good agreement with biological tests for hpthiic supports, while for hydrophobic
treatments homogeneous spreading of proteins wakereid by the low surface energy of

supports, therefore the interpretation of theselterseeds to be taken cautiously.

4.2.2 Visualization of surfaces exposed to protein soluin

The confocal microscopy technique allows visualorabf proteins by fluorescence and
was employed to obtain some complementary infoomadin the protein adsorption. The
untreated and treated surfaces {CPNIPAM, MIX | and MIX Il) were exposed to
different protein solutions (PrPrgg, Tauec and a-syn) coloured with rhodamine. The
volume fraction of rhodamine in PBS buffer was 0.58#ere the concentration of
proteins was set to c= 50 ng/mL. In the next expent untreated and treated surfaces
were immersed into rhodamine solution in the abserigroteins in order to ensure that
the fluorescence of the surface correspond jugtdqresence of proteins and not to the
interaction of rhodamine with the treated surfacBise time of immersion for both
experiments was 2 h. After this step, all surfagese dried over night under laminar flow

at room temperature.

Images obtained by confocal microscopy analysigpegsented in Figure 86. It needs to
be mentioned that images corresponding to the rhioda interaction with substrate
(experiment two, without protein) are not presertiece. The images shown in figure 86
present just the fluorescence that was caused suylzetl proteins, where the background
caused by rhodamine interaction with treated sesfazas already subtracted.
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Figure 86: Confocal microscopy images: influence sofface properties on adsorption of

PrPregum Tauye. anda-syn

Let us first consider the adsorption of prion prot€oherently with the ELISA results,
the lowest adsorption of prion protein was obsergadthe MIX | treated surface (red
square). The adsorption of PrRfgcon PNIPAM shows rather high amount of proteins
present on the surface that are covering it extgehwnogeneously in comparison to other
surfaces. Virgin PP and ¢Feated surfaces are showing large aggregatese WHK I
treated surface seems to induce oligomerizatiorproteins and formation of closed
structures in the form of rings. In our experimgmoteins were exhibited to ambient
temperature under air, which could explain the egafes observed on the surface. If we

compare the amount of prion protein adsorbed betvilee treatments, it seems that they
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drop in an order: CBEPNIPAM~MIX II>PP>MIX I. This is in a good agreentewith

results obtained by biological tests.

The amount of Tagr adsorption was very low for all hydrophilic surac(green
squares), whereas PP and,8kow high surface coverage with proteins. Findllyo-syn
adsorption presents a formation of interesting drad features on the surfaces, indicating
an extremely high protein oligomerization. The lsivadsorption ofi-syn was observed on
PNIPAM treated samples, consistent with the immogpplest.

The confocal pictures presented were chosen frorargemeasurements on different
areas. It needs to be mentioned that the surfaegtismely inhomogeneous towards the
protein solution; namely there are some areas laitle aggregates and on the other side
practically nothing could be observed on them. gheat inhomogeneity comes from the
fact that the proteins were simply spread oveistiréace and not immersed into the protein
solution. Nevertheless, there is a very good ageeétvetween the biological validation tests

and confocal microscopy results.

4.3 Influence of storage conditions on protein adsorpan

The origins of protein-surface interactions arenfbun different intermolecular forces,
thermodynamics and entropically based interactismsh as hydrophobic interactions,
conformational entropy and restricted mobility.dddition the adsorption depends on the
intermolecular forces within the protein molecublesich may lead to the change in their
conformation. This is strongly influenced by sabutichemistry (pH, T, ionic strength,

addition of various molecules) and can be useattrol the adsorption process.

In order to study how some of these factors infbgethe protein behaviour several
experiments were made. In the first, part the exfte of protein concentration, storage time
and temperature on the adsorption of Prgkganto the hydrophobically modified surfaces
was studied. Afterwards, the influence of long tisterage (3 months) on adsorptioneef
syn to differently treated tubes was monitorednat tlifferent temperatures (- 20°C and +
4°C). Finally, the PrPrgg, and TauPHF were stored in different buffer sohgiover night,
where pH of the storage solutions varied betweBrafd 9.8. All recovery measurements

were done on supernatant by “sandwich” ELISA prof&c
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4.3.1 Influence of concentration, time and temperature ofstorage on

adsorption of PrPreg,,, to hydrophobically modified surfaces

The Eppendorf tubes were treated by, lasma at P= 50 Wh= 40 sccm and t= 7 min.

At these conditions maximal water contact anglehensurface was observed at 132°. The
PrPregumsolutions were prepared at two different concelatngt g= 50 ng/mL and &
lug/mL. These proteins solutions were stored in eigin PP Eppendorf tubes or €F
plasma treated tubes at the V= 100 A part of these samples was stored at -20°C and
the other part at 4°C. In the next phase aftanitbhalf of the tubes were taken from the
fridge at 4°C and freezer at -20°C and immediad@lglyzed by immunology tests. The

second half of the samples was left in the coldamalyzed after 1 month.

The results of PrPrgg, short time storage in untreated and, €&ated tubes are shown
in Figure 87. For the following results the optidahsity measurements were not normalised
as for other graphs presented, due to the facttliese experiments were performed at
different protein concentrations, temperature ame,tmaking their presentation clearer if
optical density is used. There was no sample tlatstored at - 80°C as a referenee;((
sooc), therefore the results are presented quantitgtivat as relative improvement of treated
tubes towards the virgin PP tubegeg) at the same experimental conditions. The direct
ELISA tests performed on the Eppendorf tubes (@dnens) are showing slightly higher
adsorption of prion protein on fluorinated tubesnparing to the untreated PP tubes for
elevated concentrationsp@/mL) of the protein. This was true for both tengperes, - 20°C
and + 4°C.

On the other hand when proteins were stored atrl@eecentrations (50 ng/mL) the
protein recovery (yellow columns) was twice highdren stored in Cftreated tubes in
comparison to virgin PP tubes (x 2.3 at 4°C). Tdiwogption to hydrophobic materials was
reported to be stronger (and in higher quantitiesparallel to the materials with higher
surface energy. However this is only partially taued strongly depends on the protein
concentration. If the concentration of proteingha solution is high enough that the mass
transport is much faster than the rate of protpneading and reorientation, more protein
will be adsorbed on low energy surfaces. For éiusolutions the effect can be quite
opposite what was also observed on our surfacésnidans for example, that the efficiency
of the tubes used in laboratory for preparatiothefsamples could be improved by plasma

fluorination, as the lost of protein is smaller garnng to the untreated PP tubes. The
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advantages of this technique are several: it leeratimple, extremely fast, and “clean” and

moreover possesses sterilization abilities.
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Figure 87: Storage of PrPgggfor 15 min in untreated and ¢plasma treated Eppendorf tubes at

different protein concentrations and temperatures.

The results of PrPrgg, storage over a period of one month in untreatedGi plasma
treated Eppendorf tubes at different protein comagans and various temperatures are
presented in Figure 88. First thing that can beedesl is the complete loss of protein on
untreated PP tubes at both temperatures and botlemibations. The PrPigg solution that
was stored in CRreated tubes at -20°C on the other hand shoatsvedy high recovery of
the protein. Comparing to the untreated tubesntipeovement is 1550 %. If we assimilate it
to the samples that were stored just for 15 mincare say that around 50% of additional
protein was lost in this one month on Clfeated tubes at -20°C. At 4°C, the same
phenomena was obtained as in the PRrestorage over night at the same temperature
(Chapter 4.1.1), namely there was no proteins tisteon the Eppendorf tube or in the

solution, which was explained by formation of protéouble layer.
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Figure 88: Storage of PrPegg for 1 month in untreated and £plasma treated Eppendorf tubes

at different protein concentrations and temperature

4.3.2 Influence of time and temperature of storage on adsption of a-

syn to modified surfaces

The recombinanti-syn was diluted in PBS buffer at pH= 7.4 and stare differently
treated Eppendorf tubes for 1 to 3 months at diffetemperatures (- 20°C and +4°C).
The reference sample was analysegs(§ooc), corresponding to 100% of the protein. The
results of “sandwich” ELISA tests are presente8igure 89.

The results are showing high adsorption-afyn onto the Clplasma treated Eppendorf
tubes at -20°C. The optical density is reduced®® @lready after one month of storage and
does not change much with time afterwards. Therptisno of a-syn to the untreated and
MIX | treated tubes progressively decreases witlefiwhile for PNIPAM treated tubes
there is initial drop of signal to 85% and afterdsathe surface remained more or less stable
in the period of three months. This could indidhgg the protein is-irreversibly adsorbed on
PP and MIX | treated tubes, allowing a formationdaiuble layer and further loss of

biological material.
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Figure 89: Storage ai-syn in a period from 1 to 3 months at -20°C inreated, CE plasma
treated and PNIPAM, MIX | grafted Eppendorf tubes.
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treated and PNIPAM, MIX | grafted Eppendorf tubes.
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The optical density results afsyn adsorption on the untreated and treated taitbé%C
over a period of three months is shown in FigureT®s time a low recovery of protein on
all treatments (except PNIPAM) happened already month. This is not surprising as the
increase of temperature contributes to the changathalpy and system entropy, leading to
spontaneous adsorption of the proteins. We have @ no matter what was the
temperature, the recovery @syn was the highest from the PNIPAM treated tulbas. lost
of signal after 3 months of storage in PNIPAM tulsesild be the correct result or the

artefact, but unfortunately the experiments cowlche repeated.

4.3.3 Influence of the pH of storage buffer solutions oradsorption of

PrPrecy,m» and Tau.. on modified surfaces

The pH of the PBS buffer solution (pH=7.4) was atgd to pH= 5.5 by addition of HCI
and with addition of NaOH to pH= 9.6. PrRrgcand Taw. proteins were diluted in the
three different pH solutions mentioned above aondest for 24 h at 4°C. The ELISA test

results are presented in Figure 91 and Figure BRrBreg.m and Taw. respectively.
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Figure 91: Influence of the pH on recovery of PtRgfrom differently treated Eppendorf tubes.
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Figure 91 is presenting the evolution of the PrRreecovery curve as a function of
pH. The standard conditions used for storing ar@tt 7.4. There was the highest
amount of protein recovery at this pH for MIX | ated Eppendorf tubes, while PNIPAM
showed 16 % improvement of recovery at lower pHe &dsorption of proteins at pH=
9.6 increased for both treatments with slightlyfediént intensities among them. The
alteration observed on MIX | treated surfaces @bpbly due to the partial neutralization
of the positive charge of JR*Br molecule (CTAB) found in MIX I. The favourable
conditions on PNIPAM treated tube at pH=5.5 cowddabcribed to the insertion of charge
enabling electrostatic repulsions.
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Figure 92: Influence of the pH on recovery of Lafnom differently treated Eppendorf tubes

The recovery of Tau protein from MIX | treatmenbsled best results at pH=7.4, while
for pH= 9.6, a decrease in optical density sigaaliserved (Figure 92). This drop could be
prescribed to the high difference in the surfacagés at this pH. Namely, pl of the Jats
somewhere between 4.7 and 6.9 that means thatuidvib® more negatively charged at
elevated pH, while the surface still contains péiytipositively charged functional groups.

Oppositely, the adsorption of Tau protein onto FMIPAM treated tubes is lowest at
most elevated pH. This could be explained by higjuantity of charge present at higher pH,

decreasing the probability of protein aggregation.
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For a number of proteins, the adsorption is maxechiwhen solution pH is close to the
isoelectric point of a particular protein [200]. iShis related to the protein-solvent
interactions becoming less favourable, and prqteitein interaction becoming less
unfavourable when there is no net charge of theéeproGenerally when the solution
environment becomes less hospitable to proteinstdme to adsorb and leave the solution.
On the other hand, if the pH is far from the pl #iectrostatic repulsions become more
important and the proteins are retained in thetisoluThis is of course only true to certain

pH levels, until the protein’s stability is disrepttoo severely.

4.4 Influence of surface properties on the protein adsption

In the third chapter we indicated that the influerd plasma conditions and polymer to
surfactant ratio influence strongly the final prdps of the surface. The largest effects
observed were on the chemical composition of thitase and especially on the surface
topography. Therefore the Eppendorf tubes wereatetil by He plasma for 10 s, 60 s or
180 s and grafted with MIX | and MIX Il. The condeation of PNIPAM was fixed to
0.59/L, Gtae= 1mM and the Wyeen2= 0.05%. Afterwards PNIPAM was mixed with
either CTAB or Tween 2Dat different volume ratios. The treated tubes vesqgosed to
PrPregumand TauPHF proteins for 24 h at 4°C and tested ettt and/or “sandwich”
ELISA tests. The ageing of the tubes was alsodestbere the ELISA tests on PrRygc
and Tau PHF storage were performed on Eppendoeisttimat were prepared 6 months

before using.

4.4.1 Influence of surfactant to polymer ratio and plasmaconditions

on recovery of PrPregym

The histograms of PrPrgg, adsorption as a function of plasma parameterspahdaner

to surfactant ratio are presented. Figure 93.aesponds to MIX | treatment and the
Figure 93.b to the MIX Il treatment. The red cohsmare representing the amount of
protein adsorbed on the surface and the yellow astesv the amount of protein

recovered from solution. The results were not ndéised due to the phenomena
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mentioned at the beginning of the chapter, whesectincentration of proteins detected on

the tubes and in the supernatant exceed 100%.
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Figure 93: Optical density measurements on a) MdXid b) MIX Il treatments for the recovery

of PrPreg,m as a function of plasma grafting conditions anlymer to surfactant ratio.

For the MIX | treatment (Figure 93.a), the highaftue of surfactant seems to lead to a
better recovery of PrPrgg. Even though that recovery of prion protein isheathigh
whether 90 % or 50% of surfactant was used, thdteeare still slightly better when the
Venieam/Veras= 1:1. The influence of plasma parameters is atgoortant. Best results
were obtained with 60 s of plasma activation, while prolonged treatment lead to
extremely high signal on the Eppendorf tubes andhat same time relatively high
recovery. As it was already seen with PNIPAM, arpateraction between the blocking
agents (BSA) caused artificial signal on the Eppehdubes due to the parasite
interactions with streptavidin-HRP complex with theurface. Unfortunately, the
information on BSA interaction with MIX | at thesexperimental conditions is not
available, however there is a high probability thHX | in this case has no or very little
affinity towards BSA.

On the other hand, the adsorption of PriRreon the MIX Il (Figure 93.b) treated
Eppendorf tubes gave much more regular behaviamgér treatment times and the high
polymer concentrations result in higher adsorpbbmrion protein. All the previous tests
presented on MIX Il were performed at 50% of PNIPAN 180 s of plasma pre-treatment

time and as can be seen the conditions were riabiifor a good recovery of prion protein.
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With these test the perfect conditions were fountlQ( s, \bnipaw/V1ween2e= 1:9) at which no

adsorption of PrPrgg, was detected.

4.4.2 Influence of surfactant to polymer ratio and plasmaconditions
on recovery of TauPHF

Figures 94.a and 94.b present the recovery of T&uddH function of plasma parameters
and polymer to surfactant ratio on MIX | and MIX tHeated tubes respectively. The
measurements were done with “sandwich” ELISA tedtere optical density values

correspond to amount of protein that remained énsibiution.
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Figure 94: Optical density measurements on a) M&hd b) MIX Il treatments for the recovery

of Tauec as a function of plasma grafting conditions anlymer to surfactant ratio.

The recovery of TauPHF from MIX | Eppendorf tubdmwed best results for tubes
that were pre-treated with He plasma for 60 s amdtey in the solution at the volume
ratio Venipaw/Veras= 1:1. These are the same conditions that hadigimes$t performance
for PrPregum protein. The recovery of the TauPHF was 80% highan in the untreated
PP tubes. At all other conditions almost no protwas detected. Next to the plasma
treatment time the concentration ratios had amémite on recovery as well, namely 33%
more of the protein was detected at optimal coml#i(50% of CTAB). Even though the
recovery was improved quite remarkably, the logsrofein was still not negligible. If the

optical density values of best performing MIX | &ure compared to the MIX Il optimal
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treatment (Figure 93.b), a big difference in thgnal can be observed@D= 0.5). In
other words 90% more of the protein remained indbkition in MIX |l treated tubes

comparing to MIX | treated tubes or 170 % more timathe virgin PP tubes.

The surface properties of MIX | and MIX Il graftetipports as a function of plasma
activation time are gathered in Table 23. The spwoading relative increase in the protein
recovery for PrPregn and Tawrelatively to the untreated PP tubes are addebetdatst
two columns. The lowest adsorption of prion protems observed on MIX | surface that
was pre-treated with He plasma for 60 s. At theselitions the O/C ratio and the surface
potential were the highest, while the basic compbmeached the minimum. The AFM
imaging showed that at these conditions regulao+samuctured surface was obtained with
average surface roughness of 6.4 nm. The AFM iroatdee sample pre-treated with helium
plasma for 180 s and grafted with MIX | is not dakle, but it can be supposed that the
visible structured features are present and apomnsgle for the difference from the short
time activated sample recovery. Variations in thcal density between 60 s and 180 s pre-
treatment times could be prescribed to lower bekaracter and slightly higher surface
charge. The only plasma treatment condition thailted in positive prion protein recovery
for MIX 1l grafting was at 10 s of plasma activatibme. If the surface properties of MIX |
after 60 s and MIX Il after 10 s of activation ammpared, it could be said that the O/C ratio
should be sustained preferably between 0.20 anfl &2 more importantly the zeta

potential should be extremely negative.

Table 23: Basic properties of grafted supports asetion of plasma treatment time and
relative increase of concentration for PrRsg@and Taw. towards the untreated tubes.

o/C v ¢ (pH=7.4) Sa Rel. conc. Rel. conc.
(m/m?) (mV) (nm) (%) (%) (Taurec)
(PrPrechum)
MIX'|
10 s 0.19 63.9 / 3.1 + 23 -150
60 s 0.20 61.5 -51.9 6.4 +73 + 80
180 s 0.19 66.6 -48.0 / + 61 - 67
MIX I
10s 0.26 88.7 / 2.8 + 37 -25
60 s 0.30 82.0 -41.9 / -5 -10

180 s 0.31 73.9 -36.6 7.1 -35 + 170
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MIX 1l treatment reaches by far the highest valoeTau PHF recovery (+170%), when
the plasma activation lasted 180 s. At these comditextremely regular features were
formed and the average surface roughness reached/.The O/C ratio reached 0.310 and
the zeta potential decreased comparing to the Eopketube that was treated for shorter
times. MIX | treatment is able to decrease the FEE adsorption for 80% comparing to the
untreated tube when plasma pre- activation lasbesl. @he similarities between the MIX |
and MIX Il treated surfaces that enable bettervegoof Tau PHF are the highest O/C ratio
and more importantly the regularity of the struetlisurface. Nonetheless, the performance

of MIX | treated tube is relatively poor towardethliX |l treated tube.

Table 24: Basic properties of grafted supports asetion of polymer to surfactant ratio
and the relative increase of optical density fdPrég,,n» and Taw. towards the untreated

tubes.

Treatment Y Sa Rel. conc. (%) Rel. conc. (%)
(Npolymer/ Nsurfactant) (mJ/ mz) (nm) (PrPrechum) (Taurec)
MIX |

1/5 78.2 / +31 +40
1/10 68.5 3.6 / /
1/50 61.5 6.4 +73 + 80
1/100 50.5 6.9 / /
1/500 / 4.6 + 46 +30
MIX 11

1/2.5 / / -35 + 120
1/10 77.9 / / /
1/25 63.9 7.1 -35 + 170
1/50 54.4 8.2 / /
1/250 / / +50 + 80

The surface properties of MIX | and MIX Il as a @tion of polymer to surfactant ratio
and the values of PrPigg and Taw. recovery are gathered in Table 24. The recovery of
prion protein from the MIX | treated tubes as action of concentration ratio is the highest
when the pypav/NcTas IS 1:50. Additional supplement of either polymer surfactant
results in increased adsorption. In contrary, MiXdated tubes work better for recovery of
prion protein when higher amount of surfactant a@ded. If we combine these results with

the plasma treatment results we see that up to 11258 recovery can be achieved if short
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treatment time and high surfactant to polymer retiosed. On the other hand the recovery
of Tau PHF presents the best results in MIX | anX M treated tubes at the polymer to
surfactant ratio of 1:50 and 1:25 respectivelythfse conditions extremely regular surface
features were formed. Further addition of surfastdao PNIPAM polymer causes much

higher adsorption of the Tau PHF.

In conclusion, the results have shown that thenmdagonditions and surfactant to
polymer ratio influence substantially the proteitsarption, either through introducing
different functionalities or through influencingethsurface topography. As the plasma
activation time and surfactant to polymer ratio diot influence much the total surface
energy and its polar and dispersive components;ameconclude that the surface potential
and topography have much greater impact on theipragcovery. It seems that the surface
that would repel the prion protein best should esssa high negative zeta potential, lower
basic character and rather high O/C ratio. Tau BiHfhe other hand was preserved the most
when the surface roughness was very important anthioed regular features. The zeta
potential should be much smaller than for the ppmtein as well, while high O/C ratio and

moderate basic character seems to be desired.

4.4.3 Ageing of storage tubes and its influence on proteirecovery

In order to observe the ageing effects on proterovery the Eppendorf tubes were
treated with PNIPAM, MIX | and MIX Il and stored der air for 6 months. At the same
time tubes were freshly prepared, stored undeogetn and tested after one weak. The
results of PrPregm and Tau PHF recovery are presented in Figure @. doth
experiments a sample was stored at -80°C in theatetd PP tubes for 24 i sooc),
that corresponds to 100% of the protein recovery.

The results in Figure 95.a are showing that these w slightly higher adsorption of
PrPregum on MIX | treated tubes prepared 6 months befoee dhalyses, however the
recovery of the protein remained the same. The dfdpe signal for 6% is due to a low
adhesion of prion protein to the MIX | treated Epgerf tubes and not due to their ageing.
There was no ageing observed on the PNIPAM and Midéated Eppendorf tubes for the
recovery of Tau PHF (Figure 95.b). It can be codetl that the tubes possess stable

treatments and can be used at least 6 monthstlaégrwere produced. The stability of
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coatings is of a great importance for the furtipgliaations.
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Figure 95: Recovery of a) PrPrgg and b) Tau PHF stored for 24h at 4°C in tubes were

treated either one week or 6 months before theysesl

4.5 Conclusions

Results of protein adsorption tests have shownthigae is not just one factor responsible
for protein interaction with the surface, but a walteffect of different surface properties
(charge, functional groups, acid- base charactanostucturation), storage conditions
(complexity of the solution, time, pH, temperatuaeg the properties of the protein itself
(pl, size and hydrophobic/hydrophilic character)e Wave managed to attain no or
negligible adsorption of all examined proteins ba Eppendorf tubes when storage was
performed at 4°C for 24 h. Despite the importanbam of attempts, a unique surface
treatment for all proteins could not be attaine@ do considerable variations of the
protein properties. Nevertheless, few correlatioetsveen surface and protein properties
were found:
* hydrophobic surfaces induced high adsorption ohallrodegenerative proteins
*  PrPregum was recovered 95% from MIX | treatment and 100% K&iX Il
treatment (high surfactant ratio and short treatntiere). The conditions needed
for good recovery of prion protein (pl=9.8) are lhigegative zeta potential, low
basic character and O/C ratio between 0.20 and 0.25
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* Tauec stored in either PNIPAM, MIX | or MIX 1l showed 086 higher recovery
relatively to untreated polypropylene tubes. Theigarotein (pl=6.5-8.5) did
not show any specificity towards all hydrophiliedtments

* o-syn (pl=4.7) was recovered 85% when stored in RIMRfter 1 month at 4°C
or in other words relatively to the untreated tuleshave obtained 135% better
recovery. The recovery results suggested that &acrshould have small
negative zeta potential, extremely basic charamtel smooth surface, probably
due to its small size

e Storage of CSF in PNIPAM treated tubes showed 18886very for Tau PHF
and A3-42 peptide, whereas when stored in MIX 1l it shdves well 95-100%
recovery for PrPc indicating an importance of nammsuration for recovery
from multicomponent protein solutions

» For proteins with low pl, surfaces with higher lzasharacter are desired with
low negative zeta potential, while for proteins twihigh pl the situation is
contrary

« An extremely precise coordination of surface prapsris needed for high
recovery of different neurodegenerative agents

« Treated tubes are very stable for a long time
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5 General conclusions

In the presented work we were dealing with the Wgprment of new biocompatible
surfaces that would be able to prevent the adhedispecific neurodegenerative agents.
These proteins were either in recombinant formirgles component solutions in PBS or
in the native and infectious forms found in compfexlti-component solutions such as
cerebrospinal fluid (CSF).

In the first part of this work we have shown tha interaction of reactive species found
in CK, plasma lead to the incorporation of fluorine spe@n the polypropylene substrates,
making them highly hydrophobic. By optimising thieatment parameters we have found,
that if we want to obtain an optimal balance betwserface functionalization and surface
etching, the relative amount of atomic fluorine @ee in the discharge towards the
molecular Ckspecies should be around 50%. Presence of impuaitiehe surface (O, Al)
was more evident at higher powers, longer treatriemgés and lower gas flow. Their
existence was ascribed to the post-oxidation @agtireactions of impurities (mainly water
vapour) in the plasma phase with the substrate duedto the weak sputtering of the
electrode. AFM imaging allowed us to see that tivéase roughness on our substrates is not
important enough to ascent from highly hydrophabisuper hydrophobic surfaces.

In the second part thin layers of polymer and peymith small molecules were grafted
on the surfaces pre-activated by helium plasmath&t step we have managed to obtain
superhydrophilic properties of polypropylene supgowhich opened an interesting field
that should be further researched. The activatyprhddium plasma has shown to be a
variable tool for the incorporation of free radgaln the surface that lead to covalent
grafting of layers. The surface energy did not hawach impact on the surface
characteristics of grafted samples with plasmatig@ment time, even though the surface
energy before the grafting varied between the sasnph contrary, the XPS analyses and
AFM imaging showed that there was a great diffeeebetween the substrates. This was
explained by the fact that the grafting at all adbads introduced polar functional groups on
the surface, but their chemical nature was differ&m the other hand, if samples are not
activated by plasma, the yield of grafting is vdow. The introduction of small
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concentration of surfactants to polymer solutignidiy and markedly changed (decreased)
the basic character of pure polymer. This was @ksoy contact angle analyses. The basic
character of the samples falls in the followingesrdPNIPAM> PNIPAM-Tween 20>
PNIPAM-CTAB, coherently with their molecular chategstics. The formation of nano-
structured features on the grafted surfaces wasngiyr dependent on the plasma
characteristics and as well the molar ratios usstdiden the surfactant and the polymer.
Therefore this new method presents a relativelyplmmethod to control the surface
characteristics (functional groups, acid-base dtaraand topography) for various
applications, however fine tuning of conditions aedo be performed. These surfaces
displayed high stability under atmosphere conditiorthe period of at least two months.

In the third part the results between the protams$ modified surfaces were presented. It
was shown that there was not just one factor resiplenfor protein interaction with the
surfaces, but a mutual effect of different surf@ceperties, storage conditions and the
properties of the protein itself. We have manageaktain no or negligible adsorption of all
examined protein on the Eppendorf tubes when stoveas performed at 4°C for 24 h.
Despite the important amount of attempts, the wengyuface treatment for all proteins could
not be attained due to considerable variatione@ptotein properties.

Nevertheless, few correlations between surfacepanigin properties were found:

1. PrPregimthat possesses high pl (9.8) showed negligibleocrdsorption onto the
surfaces with high negative zeta potential, lowidbaharacter and O/C ratio
between 0.20 and 0.25

2. Proteins with lower pl (Tagk and a-syn) on the other hand prefer lower zeta
potential and higher basic character. Moreoversthall a-syn was adsorbed less
on the smooth surfaces with no particular surfaoephmlogies.

3. Storage of CSF in MIX Il treated Eppendorf tubesvebd 100% recovery for all
titrated biomarkers. These results indicated aromamce of nano-structuration of
the surface for the recovery of proteins from cawphulticomponent solutions.

4. The surface roughness and nano-topography had partemt role for all the
stored proteins. It seems that highly ordered sires lead to lower adsorption of
most of the proteins; however this observationasstraightforward, mostly due
to the fact that other surface properties are edteat the same time. Therefore

further work on this issue should be undertaken.
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For the future experiments it would be also of @agjinterest to:

monitor the kinetics of the neuro-protein adsomptitm differently modified
substrates by changing the solution properties

monitor the behaviour of these proteins in the tswhu under different
experimental conditions

study long term storage at different temperatures

construct di or tri-block copolymers with desiredperties

use the found parameters to prevent the attachofieetls and growth of biofilms
adjust the parameters for improved protein andéiraclhesion for various

biomedical applications
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