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Abstract IX

Abstract

The research work presented in this thesis corsidbe development of new
biocompatible surfaces that are able to control #uhesion of specific proteins
responsible for the development of neurodegeneraiseases 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 tubeslanof polypropylene induce high
depletion of biological material, in some casesnewwer 70%, resulting in a low
concentration of these biomarkers for the furth@munoenzymatic detection.

With the purpose to reduce the adhesion, two cewkteatments were anticipated. The
first one consists of surface modification by hjghtactive fluorine plasma treatment and
the second one incorporates development of newopiidic surfaces by coupling two
techniques: plasma activation and subsequent mafif polymer-surfactant complexes.
With the latter approach, an original way of suefanodification has been attained that
permits controlled configuration of nanostructuredrfaces. All steps of surface
modifications were well characterized by differghiysicochemical 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 (XR®ijle the surface roughness and
topography were monitored by atomic force microgc@d=M). The interactions between
functional groups of treated supports and proteimese interpreted referring to different
models of adhesion established for a range of pHesaclose to the classical biological
protocols.

Finally, in order to validate the non-adhesive prtips of newly developed Eppendorf
tubes, immunoenzymatic analyses were carried obspital centres of partners that were
participating to the project STREP NEUROSCREEN SHB-CT-2006-03 7719 (Centre
de Recherche sur les Protéines Prion; Liege (UHB}pices Civils de Lyon (CHUL) and
Lancaster University (L-UNI)).

In-vitro analyses have shown that these tubes lead taeadecf antigen adsorption up
to 100%. Obtained results are contributing impdfyato the neurodegenerative protein
standardisation, sampling, storage and more impibytdo ambitious plans in early
detection of neurodegenerative diseases.
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Povzetek

V predstavljenem raziskovalnem delu obravnavamovajanovih biokompatibilnih
povrSin s katerimi lahko omejimo adhezijo snovi, Kbovzr@ajo razvoj
nevrodegenerativnih bolezni kot so Creutzfeldt-bak@, Alzheimerjeva, Parkinsonova
in Lewisova bolezen. Predvsem smo se posvetili ljz&a ravnanja z vzorci pred
detekcijo, posebej izboljSavi epruvet tipa Eppefqdarjih uporabljamo za sharanjevanje
telesnih tekoin, na primer cerebrospinalne te€kwe in krvi. Na stene teh epruvet,
izdelanih iz polipropilena, se oprime znatna &ol genetskega materiala, kéasih
doseze tudi 70 % razpolozljive snovi. To powzrano¢no znizanje koncentracije
patogenov pri sledeéimunoencimatski detekciji.

Da bi zmanjSali adhezijo nevrodegenerativnih praeina povrSino materialov, smo
razvili dve metodi modifikacije teh povrSin. PrivppovrSino obdelamo z visoko reaktivno
fluorovo plazmo, pri drugi pa tvorimo novo hidroiil povrSino s ponigo aktivacije
osnovne povrsine s plazmo, ki ji sledi nanos pailmiematerialov. Pri drugem pristopu smo
razvili nov n&in modifikacije povrSine z uporabo kompleksnih cgumh polimerov in
povrSinsko aktivnih  snovi. Tako smo omddio kontrolirano konfiguracijo
nanostrukturiranih povrsin. Vse stopnje modifikasino karakterizirali z razinimi
fizikalno-kemijskimi metodami. Hidrofilnost oziromlaidrofobnost povrSin smo dailit z
merjenjem polarne in nepolarne povrSinske energgersinski naboj pa z merjenjem zeta
potenciala. Kemijske lastnosti povrSin smo opazowval rentgensko fotoelektronsko
spektroskopijo, hrapavost in topografijo povrSin pamikroskopom na atomsko silo.
Interakcije med funkcionalnimi skupinami modifiaaia materialov s patogenimi agenti smo
obravnavali glede na raztie modele ahezije, pri pH vrednostih ki odgovarjdgsicnim
biolosSkim protokolom.

Nazadnje smo z imunoencimatskimi analizami dokadalnovo razvite povrSine epruvet
Eppendorf zmanjSajo,casih tudi prepré@jo, adhezijo nevrodegenerativnih powviteljev.
Analize so opravili v bolnisanih centrih partnerjev pri projektu STREP NEUROSRERE
LSHB-CT-2006-03 7719 (Centre de Recherche sur let€iRes Prion; Liege (ULG),
Hospices Civils de Lyon (CHUL) and Lancaster Ursitgr(L-UNI)).

In-vitro analize so pokazale, da se je po primerni obdglewiSin adsorpcija antigenov
zmanjSala tudi do 100 %. Pridobljeni rezultati ponlbno prispevajo k boljSi standardizaciji
ter shranjevanju proteinov, in s tem povezanim aijaznimi plani za zgodnjo detekcijo
nevrodegenerativnih bolezni.
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Abbreviations
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1 Introduction

Nowadays, neurodegenerative diseases like Credtdéaob, Alzheimer, Parkinson and
Lewis body disease touch a large number of elgaypulation. These diseases develop as
a result of progressive loss of structure and fonabdf neurons, by formation of insoluble
protein aggregates that appear in the patientis pih An enormous research is devoted
to their early detection and potential curing [2, Bven though, the clinic symptoms
allow their identification, onlypost-mortenanalyses 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 foundiffierent 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 bydat@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 developedvtrich 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
adsorption of these pathogenic agents on the saghplbes, keeping their concentration
intact.

The control of protein adhesion for various appiwe has been researched for several
decades [10]. Nevertheless, the problematic of aumgenerative 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 viathe, 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 Tabldle 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.
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Table 1: Titration results for 242 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 [bgetide 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 leetwthe 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 immediatelytlaét sampling. However, in just six
hours the amount of specific proteins adsorbedhersampling 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, patifon and aliquoting

Next to the native forms of these proteins thatfaned in cerebrospinal fluid, we have
also worked with recombinant forms in PBS buffehich are used as model proteins for
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 waadin 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: timneed 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 pressuoeld” plasmas, different grafting
techniques and protein-surface interactions, wighnmain 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 asergesl 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 obtaloed 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 doméike cardiology, orthodontics,
bone reconstructions, orthopedics, plastic recanstns and analytic substrates (Figure
1, Table 2) [13].

Figure 1: Examples of biomaterial utilization a)elknarthroplasty 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, howeveit 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 theynarentact with living material
inside or outside the human body, absence of texid carcinogenic products, no
deterioration of tissue and materials and absericenmune factors responsible for
thrombosis and obstructing the flow of blood throdige circulatory system [16].

Materials taking into consideration above mentiostatements can be referred to as
“biocompatible” materials. Enormous amounts of stadire 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 latknowledge 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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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 Ligaments, soft tissues, tendons, surgical
glycoprotein suture, deposition on artificial cornea,

(collagen, gelatin,  cardiovascular stick, bone reconstruction
fibrinogen, heparin) stick, plating of cardiovascular prostheses

SYNTHETIC HDPE Tubing, catheters, bone reconstruction
POLYMERS Poly (acrylates) Ophthalmology, Orthodontics,
Orthopedics
PTFE Cardiovascular prosthesis, chirurgical
tools
PEEK Orthopedics
PET Cardiovascular prostheses, tendons and
ligaments, analysis substrates,
PVC Medical devices
PP, PS Analysis substrates, pipettes, storage tubes
ELASTOMERS Silicone Orthopedics, gastric rings, probes and
catheters
Polyurethane Probes and catheters, orthopedics, tubes,

Gloves, operating fields.

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 nojptetely 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
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with blood (vascular grafts, catheters and diaksér is very important to avoid the
unspecific protein adsorption. Proteins naturaltlsab 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 diffenemhanisms due to their complex
nature; therefore the control of their adsorptisrvery difficult to achieve [22]. It was
proposed that the low adhesion materials shoulceitteer super hydrophilic or super
hydrophobic in order to be protein repellent [23]he 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(etbiye 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 tedok 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
thrombosis effects need to be reduced (polyestephealate (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 theysamt antibacterial properties, because
the bacteria’s and cells compete for the adhesidhd implants and tissues. The bacterial
attachment is mainly driven through the adhesiomafroorganisms on surfaces with
subsequent colonization of exposed surface. Twa paths are taken in order to avoid
the bacterial adhesion. First is through develognmansurfaces 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 men or fibronectin. In natural
environment cells grow on the extra cellular ma(ExCM) consisted of different proteins
and polysaccharides. Therefore the modificatiosyofthetic materials is directed in the
creating of surfaces having similar compositiore@sv [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]. ke polymer materials are needed for the
artificial ligaments, inter vertebral discs anddens where strong adhesion to the bones
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is needed. These are usually phosphate basedcysdfis that are able to form strong
bonds with Hydroxylapatite (HA) that is the mairoiganic component of bone tissues
[34].

In detection diagnostics techniques, biochips dreotanalytic supports can be
functionalized for highly specific antigen recogmit with low non-specific interactions.
For example the polystyrene support was treatedydoyma irradiation, coated with
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 rether 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 shap&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 (ethglaglycol) (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 oenfical modification and in some cases
the combination of both methods can be applied. mbthods based on physisorption of
macromolecules have a deficiency; the layers foroedhe surface of the substrate are
bonded solely through relatively weak forces, l#ectrostatic, hydrogen and van der
Walls bonds. For many biomedical applications, mal® with long- term survival and
stable coatings with no depletion are necessary.ttie reason the use of physisorbed
layers forin-vivo andin-vitro conditions is limited and the chemical methodsciovalent
binding of materials are favoured.

There exist many methods to introduce the functiggraups to the surface: the
conventional wet chemical treatments, UV treatmeot®ne treatments and ionization
radiation treatments (plasmas, ion beams and 1§4@}) Wet chemical treatments are
often employed due to their easy accessibility. Elav these techniques have often
various limitations like:
the modification is not limited to the surdacf 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.
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The use of non-equilibrium plasmas for surface rincattions 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 theasertind 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 djrefcdr protein or enzyme
immobilization. This kind of material functionalizen 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 in Figure 2 [43]. The introduttaf graft chains can be achieved
through various mechanisms: ionic mechanisms, aoatidn 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.

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 gadyimer chains towards the ones
formed through single step modifications. Firste thtability of these layers is much
higher due to the covalent boding to the substaaig second there is no or minimal
ageing effect of grafted materials, which is esalgciproblematic for hydrophilically
modified surfaces. Finally, the nano (micro)-sizegers have controlled chemical
composition, hydrophilic/ hydrophobic balance, rongss and topography. Last, there is
a wide variety of functional groups that can beddticed to the surface, which allows
adjusting the surface of material for numerous iappbns.
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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 biottionality of materials the surface

energy, functional groups, topography and morphploged to be changed. This can be
done through different treatments, but plasma ncatibn 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 usethfee different types of polymer
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@ase 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) iongasl and 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 donefplying an electric field to gas.
This can be done with different type of dischargiéss direct current (DC) glow
discharge, radio frequency (RF), micro wave (MW Bischarge with a hot cathode or
combined discharges. The free electrons in thesidiges 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 rggyeis 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 deggron the available energy and on the
scattering cross-section. In general, the most tapo 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
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
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eV, because we need sufficient energy to removeldatron from the attractive forces of
the core [45].

If the energy of the electron is too small to date or ionize the molecule, excitation
to different rotational and vibrational states nwagur. Probability of reaching a certain
state is also determined by quantum nature of énecfes [46]. Excited states can decay
by electrical dipole radiation. Whereas when antegcradical 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 so called metastable states, which cezey dmnly by 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 dacas, where they neutralize with a
high probability, while neutral particles recombiore the walls of reactor chamber with a
probability that depends mainly on the characiessif the wall material [47].

1.2.1.1Non-equilibrium “cold” plasma

Special case of thermodynamically non-equilibriuntasma 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 dissiogithe molecules of the source gas.
Therefore, free atoms are able to react with satestralready at room temperature [48,
49]. This is of a great importance concerning thet that we want to functionalize just
the surface of materials, without changing its buplfoperties 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 hdferedt effects on the materials
exposed to plasma phase as shown in Figure 3. €Caebunds 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 etcHii. 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
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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
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 pmiition between maodification,
degradation process (sputtering or chemical et¢rang 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].

M
M: Inert gas M e
gonmﬁem -P-P-P-P-P-P-P-
rganics
Reactive gas
{ Energy

-P-: Polymer chain

M-

uv M- M

-P-P-P-P-Ps +P-P- Glow discharge

Termination of
free radicals

= -M M-
Crosslinking ‘ P-P\ / = I\IAI\IA A:/I I\:A-M- M MM
-P-P-P-P-P P-P- -P-P-P P-p-| |-P-P-P-P-P P-P- -P-P-P-P-P P-P-
-If’-ll-’-P-Ilz’ I|3-P-P- Etching Depaosition Functionalization

Figure 3: Schematic presentation of plasma suifaeeactions; 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 interactionevden plasma species and treated
surfaces. We have to consider many factors depgndm both generation of active
species in the gas phase and their interaction thightreated material. Furthermore it
needs to be mentioned that the degradation ofutiace leads to formation of molecular
fragments that are volatilised from the substrateht plasma phase and consequently
change the 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®r® 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].
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1.2.3 Applications of low pressure non-equilibrium plasma

Plasma processes have been developed to attainficspsarface properties of
biomaterials, like promotion of adhesion, functilration of the surface, enhanced
surface wettability and spreading, improvement abcbompatibility, molecular
immobilization, non-fouling coatings, barrier swgacoatings, reduced surface friction,
etc [57].

Depending on the application an appropriate plasesgment needs to be chosen. In
order to improve the adhesion for example, stronmggriacial forces are required,
therefore plasma treatment that renders chemiaatwe functional groups, such as
amines, carboxyl, and hydroxyl groups are employeudther, if the free radicals on the
surface are required or if performance of the p@ssrshould be enhanced (like hardness,
chemical resistance) surface crosslinking and aittim 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. Thesamaa enable incorporation of fluorine
functional groups on the polymer surface yieldimg tnaterial highly hydrophobic [58].

a) b)

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

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 byosdgmn 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 saedathrough 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 depositiorPVD, plasma enhanced physical vapour depositiorP{EE 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)enat, it is necessary to texture
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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 arsate and thus prevents their contact.
Ultrahydrophobic synthetic materials have appeardy recently. These surfaces are still
little known in the field of bioadhesion and preisangreat potential in this area [62].
Their synthesis for the industrial purposes ledtisnoto various defects of material like
mechanical fragility and opacity. These deficieacare 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 structuraterial 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 oftsed 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 medn=ta plasma. In this case we need to
use non- polar gasses like £BF 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 adltarnating electromagnetic field. The
electron impact studies showed the appearance 0§y 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 aradlgl 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
features) have a larger effect on the superhydtopheharacter than the roughness value
itself (Figure 5). By changing the experimental @itions or addition of a foreign gas to
fluorocarbon feed it is possible to change contusly the relative importance of the
active species and therefore the etching or polner capacity of discharges. On
generally, higher that F/C ratio is, the more tiexldarge is suitable for etching and less
for polymerization process [69]. The parameter lteen originally formulated by Coburn
and Winters [70] for Si and SiCetching essentially to characterize the stoichioynef
the active species.
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Figure 5: Ultrahydrophobic surfaces obtained witle atep Ckplasma treatment (black points)
and two step treatments with @€d CFk plasma (red points) [68].

Addition of reducing gas such as hydrogen redutes dtching activity of the
discharge. In fact, hydrogen reacts with F atonegdifegy 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.gémyreacts 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].

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 unsatisfgadhesion of different coatings (often
in aqueous solution). In order to increase theasarffree energy of the material, or in
other words make it hydrophilic, we need to acevte 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 farrilen (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
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the adsorption techniques. Other chemical procetbsgsare widely used are chemical
vapour (CVD) and physical vapour (PVD) depositienhiniques [74]. On the other hand
polymer surfaces can be chemically modified byitigar gas phase reactions. Often
strong oxidizing acids (e.g. permanganate, chraagid, fuming nitric acid, perchloric
acid, sulphuric acid) are used to introduce difiereunctional groups like carbonyl,
carboxylic or sulfonate groups to the surface. Asme other techniques like flame and
thermal treatments can be used that introduce aksdio 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 morpho&gicanges at polymer surface [76].

Treatment of polymer surfaces by exposing theml&smas containing reactive or
inert gases has been often used to improve thesithproperties of material. Generally
oxygen plasma treatments lead to introduction ger containing groups like carboxyl,
carboxyl, peroxide and hydroxyl groups. In the atyglasmas 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 wii 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 gspwtile CQ plasmas produce
much less damage (etching) of the material. Thbosatated 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 alcolaold 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$ e radicals incorporated in the
surface and the presence of residual impuritieg. (@ater vapour) in the discharge
chamber. Different nitrogen containing plasmas pitiduce different nitrogen functional
groups. When Nkl plasma is used it is possible to create a relgtiiggh amount of
primary amino groups, which is not the case foegwr plasma [80]. An alternative way
to introduce amine groups on the surfaces is thrgelgsma polymerization of amine
based monomers like allylamine, ethylenediaminediachinocyclohexane [81].

Polymers treated with Ar or He plasma will not letw 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 ahgaof the surfaces before exposing
them to another gas or material [82]. One of tighslimitations of plasma technologies
is the diversity of the functional groups produdgdthe multitudes of chemical reactions
that happen in the plasma phase. Neverthelessnitbe concluded that plasma based
techniques are very efficient methods for modifmatof 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 degbsn the surface of a substrate like
spin coating, precipitation, polymer adsorption atftemical grafting. The grafting
techniques have few advantages towards the classictace functionalization in the
meaning that the introduction of graft chains ithea easy and well controllable, there is
a large spectrum of functional groups that canrserted on the surface which can be
served to control the surface properties like aidimesvettability, biocompatibility and as
well for multi-functional stimuli responses. Furthere the covalent attachment of graft
chains to the surface avoids their depletion andhi®/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
quality 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 “gnagf 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 ethejs also on the reactivity of
functional groups in the polymer chains. First aoels are functionalized by different
chemical or physical treatments like UV, flame, imgam treatment, gamma irradiation,
plasma treatment or by strong oxidizing acids. €haads 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 contgrdesired properties are attached to
the activated substrate. In the case when modifiyintecules do not posses befitting end
functionalized groups able of coupling with the stuoite, they need to be synthesized by
different polymerization reactions. Commonly useetimods are living anionic or cationic
polymerizations, radical group transfer and ringrapg polymerizations [86].
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Figure 6: Comparison between “grafting to” (up) dgdafting from” (down) method.

The advantage of such functionalization is thatrtfeéecular 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 tiain thickness is pre- defined with
length of grafted molecules and can not be fredjysaed [87].

For these reasons, an alternative “grafting fron@thnd is often employed. “Grafting
from” or so called surface initiated polymerizati®IP) is based on formation of thin
films through polymerization of monomers from sedaound polymerization initiators.
The choice of initiator that will be introduced tive substrate must be appropriate for the
method of polymerization that will be used afterggarin the case of conventional radical
polymerizations (RAFT, ATRP) initiators like perabe, azo- initiators or photo initiators
are used. As the chains are growing form the serfawd the diffusion particles are
monomers, the initiators are easily accessiblethecdkfore 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 confornmaid the anchored chains on the
polymer substrate, like quality of the solvent (pH,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 a good solvent singdactive 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) singtéivated end- groups b) multiple activated
side groups.

Furthermore, the density of polymer chains and dqoality of the solvent will
influence on the way the chains will graft to theface (Figure 8). In the diluted regime
the polymer chains adopt one of the extreme cordtions; either they appear as a
mushroom like structures in a good solvent or gsaacake like structures in a bad
solvent. Namely, when there are only few long chaittached 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
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Another important factor is that there is no or kwea#finity of polymers towards the
surface. Under good solvent conditions polymesttemaximize the number of contacts
with the solvent and at the same time keep thencétagtching at minimum. On the other
hand, if an attractive interaction exists betweariege and polymer, it tends to maximize
its interaction by flattening on the surface. Wtiba solvent is poor, polymer tries to
minimize the contact with the solvent and forms ividbal collapsed globules.
Accordingly, polymers in a good solvent will occugyarger surface area than in a poor
solvent, thus higher degree of polymer adsorpteriound from poor solvents. With
further increase of grafting density the semi- titliregime is obtained and chains begin
to interact with each other and form surface boagdregates of different shapes and
sizes, so called pinned micelles. Additional inseeaf grafting density forces the chains
to stretch normal to the substrate due to the asmeof osmotic pressure among the
chains, which results in construction of polymeudtres [90].

An immense research is being dedicated to the stfichdaptive polymer brushes.
These materials are able to change their confoomatith small changes in surrounding
environment, such as light, T°C, pH and salt cotregion (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 stédystieat are able to react with
incoming UV light. This light source changes thenftomation 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. [®8other class of stimuli-
responsive polymers are polyelectrolytes. Theimfes almost exclusively dominated by
electrostatic reactions. They can go under abru@hges under pH, salt concentrations or
electric field alteration. Frequently polyacrylicid based polymers are selected for this
purpose [94].

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 heterogeragesin these systems has its role.
Besides the importance of functional groups forgpecific behaviour, the morphology of
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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@rablvent poor for black chains.

In the first case both polymers are present onstiréace and surface properties are
governed by both polymers (Figure 10.a). In selecsolvent the unfavourable polymer
chains form clusters near the substrate, whilecti@ns facilitating this solvent remain at
the top layer and determine the properties of iine fFigure 10.b). The Figure 10.c is
presenting the situation where the solvent is fooblack 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 surfacebgsted to a monomer solution of first
component and after certain time the substratexmosed to a second solution of
monomer. The ratio of components is controlleditmetof grafting reaction for each. All
the classic ways of polymerization can be used;dwvaw lately there is more and more
tendency in using atom transfer radical polymeiira{ATRP) due to better molecular
weight control and lower polydispersity [96].

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 stdb superhydrophobic state (150°)
under external stimuli.

Similar behaviour as for mixed brushes can be oesefor block-copolymer brushes
grafted on the surface of the substrate. The gnéarest 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-compomeaiterials are broad. They can be
used for changeable biomaterials, surface pattemnggnetic and optical materials,
templates for the fabrication of information stagagpvices, nanowires, nanomembranes,
imaging technologies, etc.
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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 hydrophobicakis are not soluble in 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 depends on the balance between hydraphobi hydrophilic moieties. In
agueous solutions the high packaging is rather vani@ble and can be artificially
increased in several ways. In order to benefit ftbenfact that hydrophobic interactions
are leading to higher adsorption, longer and bradar multiple hydrocarbon chains can
be used. Additionally the inclusion of salts redtid¢be repulsive electrostatic forces
between surface and surfactant, leading to smalierctive cross-sectional area per
surfactant. For this reason neutral surfactant®r@dmuch stronger than for example
anionic surfactants.

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 mieaition free energy of surfactant and in
this way the structure on the surface appearstiicelles.

e, — N - SUa

Figure 11: Adsorption of surfactants on non- psiarfaces.

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

e st
L — i 2

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 afmim 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
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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].

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 (Ereyimked ImmunoSorbent Assay)
tests or for different surface chemistries whee ribn-specific adsorption of molecules
needs to be inhibited and at the same time the Mimpation 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-Dioataglidimethylammonium bromide,
CTAB-hexadecyl trimethyl ammonium bromide) and z&ribnic or amphoteric (betains,
sulfobetains, CHAPS (3-[(3-Cholamidopropyl)dimetiayimonio]-1-propanesulfonate))
and non- ionic surfactants (Triton, PolysorbatspnfNonic surfactants possess non-
dissociable head groups, such as alcohol, phettwdy,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 suréatve polymers. There exist two main
types of polymeric surfactants in so called “bloak” “graft” configurations. The most
used block polymer surfactants are copolymers baiwathylene-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 P&Qrarious surfaces (PP, PE, PET,
PTFE, silica). The simple physical adsorption regiilin formation of unstable layers
with a high tendency to desorbe from the surfate dffect was specially pronounced for
the layer molecular weight PEO surfactants [101].

ii ﬁi Adsorption : : :I i Washing : i
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Figure 13: Scheme of Argon plasma treatment foirtihreobilization of surfactants.
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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 poly (ethylene oxide) PEO surfatsan hydrophobic surfaces using the
CASING (crosslinking by activated species of ingdsses) technique. Low density
polyethylene (LDPE) was first coated with the PE@ than the surface was crosslinked by
argon plasma treatment (Figure 13). They have smmnthere was no depletion of the
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surface after washing it in the case of Ar plasmeastinked 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
polymeric and non-polymeric supports by CASING roeth

1.3.3 Grafting of particular thermo-sensitive polymer: PNIPAM

Poly (N-isopropylacrylamide) (PNIPAM) is nowadayseoof the main representatives of
thermo-responsive polymers. Considerable amountwofk on reversible phase
transitions of this polymer started with Tanakalef103]. In the Figure 14 is shown an
exponential increase of publications consideringlFA and PNIPAM based co-
polymers [104].
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Figure 14: Annual evolution of the amount of acameneferences about PNIPAM indexed in
the CAS online database.

The interest of PNIPAM is its low critical solutidemperature (LCST) at 32°C, which
is close to body temperature and because of thguarproperty 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 anmeeties and is completely reversible
[105].
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Figure 15: Reversible transition of PNIPAM chainhvtemperature.

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 annyloplagues and consequent
development of Alzheimer disease [106]. Wu et HD.7] were the first ones that observed
a stable single chain to single globule transitmextremely diluted PNIPAM solutions
by DLS measurements. They have found out that ctamsity 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 radius of gyration (Rg) decreased
from 127 to 17.9 nm with temperature change. Thasmement with a small increase of
temperature displayed the two intermediate (cruthptal and the molten globule) states
between the formations of collapsed globule frorteesed random coil that can be seen
in Figure 16.

Globule

Molten globule
Crumpled coil
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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 hebawf end- grafted polymers
exhibiting LCST on the Gennes n-cluster model. iHedjgted 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 chemdshigher 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
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(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-
polymeric (Au, Si wafers, glass, hydroxyapatite} 2] substrates. These materials can be
in the form of films, nanoparticles, membranesmy 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 charaktsrges 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 raisedoup0O° at elevated temperature [113].
The angle 90° corresponds to alkyne/ alkene/ allsamiace energy, which implies that
the hydrophobic parts of PNIPAM are completely esqubto the surface [114]. Other
methods that were used to measure the transitiorPIPAM 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 solution IBAM where the polymerization
took place [116]. Surprising results were obtain dgntinues and pulsed plasma
polymerizations. The thermo-responsive behavioulPfPAM 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 ondufy cycles governed the
hydrophilicity of the surface polymer layer [L1ANIPAM is often co-polymerized as
well with different segments possessing specifapprties. This can be various pH, salt,
conductivity responsive materials like polyacrydicid (PAA), acrylamide, Nert butyl-
acrylamide, etc [118]. Introduction of additivestiv® PNIPAM backbone can also change
the LCST of the polymer. By these modificationsttérecontrol of parameters can be
achieved, that are especially important forithegivo 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. This property makes PNIP&ARromising candidate in many
applications like temperature responsive membranésmperature responsive
chromatography, immuno-tests, controlled drug amdwth factor release, tissue
engineering, control of the attachment and the oiet@nt of cells, the recovery of
cultured cells and bio- fouling releasing coatiri$$9]. PNIPAM can be also coupled
with various biological molecules (DNA, protein,téodies) and can be used for the
purification of the proteins and enzymes. For exiantipe immunology tests are made by
coupling an antibody to PNIPAM molecule and makingpermo-sensitive. The antibody
reacts specifically with the searched antigen anthé next step the labelled detection
antibody is coupled. When the temperature is irsgédhey precipitate and interact with
each other and by this increasing the signal. &ssignal is multiplied, lower levels of
proteins can be detected [120].

The growth of cells on PNIPAM is enhanced above UBET 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 aagfermational or functional changes
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[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 ¢ 34 T>LCST

Figure 17: Reversible attachment and detachmeptaiéins on PNIPAM grafted substrate with
the control of temperature below and above the LCST

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 ofgins to the surface, but rather how to
prevent it. Proteins are very complex in nature nednumber of factors influence their
adsorption, and consequently the prediction ofratons between proteins and surfaces
remains an extremely challenging problem. Althotigh mechanisms of adsorption are
not fully understood, there are few physicochemadracteristics 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 molilityurface functional groups,

e) micro and nanotopography features and roughness,

f) time dependant unfolding,

g) Vromans effect,

h) Biological surrounding: pH, salts, temperat@te,
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1.4.1 Protein-surface interactions

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

Aadd5= 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 invoinesmolecular forces such as van der
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
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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 theasariwhere they reach an 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@eOuring the adsorption step, protein
may rapidly unfold on the surface in order to adegppéenergy to the new environment; all
the proteins will actually partially unfold uponsadption. The adsorption it self happens
in microseconds to milliseconds, while relaxatiagménds 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 irreversaugorb 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 phenomenon is gblypmainly due to the retention of
hydrated water by the protein molecules, preventluge interactions in the solution
[126]. The reversible adsorption is often observath smaller molecules, while the
adsorption of big molecules like random polymeisc@ rarely reversible. This behaviour
arises from the fact that they posses many actigs that are able to adhere to the surface
and even if it will loose contact at one point illve 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
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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 surfagidisbe affected. The adsorption of

proteins will be also influenced by pre-adsorbedetules 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].
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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) dissociationtred altered protein, f) denaturation and
irreversible adsorption and g) exchange of protiim® solution.

Another important factor is protein conformatios#dbility in native state, the relative
amounts ofi-helixes ang-sheets, the overall hydrophobicity and electradarge under
working conditions. If the protein is weakly stalievill be preferably adsorbed to the
surface because of the conformational contributimmough adsorption in increase of
entropy. Proteins are just conditionally stable amblest solvent conditions and even a
small change in pH, T°C, addition of denaturant$ affect their stability. This is exactly
what happens when a solid surface is exposed toafjueous protein solution, the
equilibrium is broken. Therefore proteins with I@tability will adsorb and release their
native structures. Adsorption is driven by the @ase in the conformational entropy of
the protein. The hard proteins go through minorfaonational changes under the
conditions that they are adsorbed to the hydraphilrfaces [128]. It can be said that how
the surface will be covered depends on many fadach as physical and chemical
structure of the protein and the surface, thermadyos of interactions and kinetics of
mass transport. Because the adsorption is inflekhgeso many parallel and consecutive
steps there are many new microenvironments thatbeagreated and the adsorption
becomes history dependant, leading to possibleréifit results in the same systems
[129].

1.4.1.1Protein structure and properties

Proteins are linear polymers formed by linking tthearboxyl 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 constrfidm 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
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folds to very regular secondary structures presehyealpha helixes or beta sheets. The
coileda-structure is stabilized by intrachain hydrogendmhetween NH and CO groups,
while B-sheets are stabilized by hydrogen bonding betwegpeptide strands. The next
step is folding of secondary structures into teytistructures where it comes to spatial
arrangement of amino acids that are far apartenstquence (Figure 20.b). This folding
to tertiary structures enables the creation ovacdtites that are able to perform biological
functions. Last conformation is called quaternamycure that occurs in some cases
where multiple stand proteins (tertiary subunitgyragate and form oligomeric proteins

(Figure 20.c) [130].
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Figure 20: Structure of protein; a) primary struetupeptide bond), b) tertiary structure
(composed of secondary structure presentifitelixes andp-sheets), ¢) quaternary structure
(aggregation of subunits formed in tertiary stroeju

In general proteins fold into globular or fibrowsrhs. Globular proteins are compactly
folded, while the filamentous are elongated. Thast fwill influence their stability and
consequently the degree of conformational changes uheir adsorption on the solid
surfaces [131]. The folding to tertiary and quadeyn structures is governed by
hydrophobic effect, where the free energy in theeags solution is decreased by burring
of non-polar functional groups inside the protekor this reason the proteins are
generally constructed so that the hydrophobic pagsents the core of the protein, while
polar residues stay on the surface in contact thighsolvent. However, in most of cases
the protein surface is composed of polar and apekts (amphiphilic), where
hydrophobic patches present one third of the saerfanverage 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 patehdise 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 immmunokagdireactions [127,133].

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 awgosure 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.
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Figure 21: Demonstration of possible routes fotgiroadsorption reactions.

The protein folding and unfolding is “all or non’rqzess that results from a
cooperative transition. If there is one part of ghetein that will be unstable under
exposed conditions (temperature, high solute cdragons, 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 conditiaarsl is associated with various prion
related neurodegenerative diseases, like Creutzfaldbb 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 protemi® 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 proteimutgm 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 its hydrdpbaore 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@iogroups of the protein surface,
however in this case proteins have much lower tecygle¢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
surfaces through electrostatic interactions inclgdhydrogen 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 protelaaume 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 “hard’ogeins will adsorb on them only if they
are electrostatically attracted, while “soft” priogo through abrupt changes resulting in
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the increase of conformational entropy large enowghcause 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 amon-charged 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 retaxaf protein and its denaturation.

Apolar groups on the contrary, do not have posgibibr 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 hydrophilicallyuridb water molecules from the
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, bec#lusee 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 a general rule that proteins adsorb strongeriartgher quantities on hydrophobic
surfaces, but it was reported as well that in smhst with high concentration of proteins,
where that the mass transport is much higher thanrate of protein spreading and
reorientation on the surface, adsorption was lowesa hydrophobic surfaces. For
hydrophilic surfaces quite opposite effect wasaedtj they can adsorb in higher amounts
than on the hydrophobic surfaces [141].

1.4.1.3Influence of charge on adsorption

Generally both molecular surface and protein agetgtally charged. In aqueous medium
they are surrounded by counter ions that neutraheesurface charge. These charge—
charge interactions between the surface and theipreesult in an electric field overlap.
Electrical double layers will enhance the electbstinteractions if the protein and the
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surface have opposite charge or repulsion if ttergehis the same. Maximal adsorption
occurs when the charge density of the protein nestaxactly to the one of the surface
which results in a zero net charge at the contagion. 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].

C)
©

a) b)
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.

The electrostatic interactions will be stronglyliinced 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 evestthe 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
proteins [144].

For most of proteins the adsorption is maximahairtisoelectric points, because here
the protein-solvent interactions become less faaloler and protein-protein interactions
more favourable, due to the zero net charge betwlem. At the pH far from pl of
proteins the formation of double layers is veryelik 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 itagltlerefore high (low) pH solutions may
lead to their denaturation and increased adsorpiti@nto the lost of stability [145].

1.4.1.4Influence of surface topography and roughness on adrption

Current trends in research of biomaterials include research of surfaces with
topological features at nano-scale, up to 100 nine &ffects of micro scale topography
on cellular responses are rather well explomedvitro from physico-chemical and
biological aspects [146,147]. Recently few studippeared that revealed the influence of
nano-topography on protein adhesion and consequaidked cellular responses [148].
The reports how surface topography influences th&tem 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 conformatiof the adsorbed proteins. The
characteristics of topographic features include ghmess, curvature and specific
geometrical features. Dynamic interactions betwe@moscale surfaces and proteins are
complex due to the combination of attractive angulgive forces that are governed by
local changes in surface properties, includingcitemistry. Local wettability of the
surface is also modulated and this may induce iffereht degrees of geometrical
packaging of the proteins [149]. The overall effettsurface roughness from different
reports available is not clear at this moment. Soeports suggest that the amount of
proteins adsorbed is not (or very moderately) adigdy the surface roughness and there
was no conformational changes of proteins [150];tlen other side few reports reveal
high augmentation of proteins adsorbed and abrugbges in their conformations upon
adsorption [149]. It was stated as well that prigevith dimension in the same order as
the surface roughness are not conformationallyedtdy the surface and proteins with
dimensions much smaller or much larger change @aisorption [151]. Cai et al. [152]
investigated the adsorption of proteins to surfagl different roughness. They found
no linear relationship between the surface roughaesl protein adsorption. Other study
of topography influence on adsorption of A and Erawas performed by Galli [153].
They have seen that more F-actin adsorbed on #@hesificon surface comparing to the
nanometer groove structure due to the inclinatibi--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 influeocehe protein adhesion, where their
size and shape play an important role. Furthernttogesame nanostructures appear to
have different influence on different proteins.deaneral, introduction of tailored nano-
topographies in biomedical devices presents amaciiite 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.

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 adsaorpgt 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 piander 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 notigbdn the artificial material was
exposed to biological liquid, a rapid adsorptionadibumin occurred, which was later
replaced by higher molecular weight proteins likeihogen and kininogen.

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 piotwill be desorbed more easily as their
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relaxation on the surfaces is much lower than i tlase of “soft” proteins [156].
Therefore the adsorption of proteins from multimgmnent solutions will be dependant
on time, concentration, type of protein and thdamg&. Depending on these conditions,
the surface will be composed of higher degree dhoeprotein on account of decreased
adsorption of others regarding to the bulk solytiemen though it is present in much
smaller concentrations [157].

5 P,

QQJ; -]
Figure 24: lllustration of the Vroman effect; repganent of protein adsorbed on the surface by
higher molecular weight protein exhibiting strongérding affinities for the surface.

1.4.2 Protein resistant surfaces

The adsorption of proteins can be diminished hyeeithermodynamic 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 i protein adsorption by high

potential barriers for the interaction, for exampieintroduction of long range repulsive
forces through polymer grafting [158]. The effiaignof 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 situstodattachment that need to be avoided:

a) adsorption of protein to the outer edge of thesl due to the protein- brush interaction

via Van der Waals or electrical double layer aticax

b) adsorption of proteins upon compression of pelyfilm 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 polymershes: a) adsorption at the edge of
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the brush, b) compressive mechanism and c) invaseahanism.

Accordingly to thermodynamic equationa(G= A agsH— TAagsS <0), the functional
groups on the surface should be lower in enthalpgmbound to the water than when
bound to protein. Considering entropy the functiggraups must be able to maintain the
higher state of system entropy when bonded to w#tan when bonded to proteins to
reduce the restriction in the configuration stet6(]. Also for this reason most of the
non-fouling surfaces are based on synthesis otegtadurfaces with highly hydrophilic
functional groups. These are in most cases nepaiginers like poly(ethylene glycol)
(PEG) or poly(ethylene oxide) (PEO), polysaccharideerivates 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 gegihoposed, 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 resistamtagses. As well it was shown by some
groups that too long OEG chains were not as perf@mwhen the grafting density was
too high due to the limited mobility of chains [164

Introduction of high density hydrophilic PEG chaitisough 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].

. . Protein

@® \Water molecule

; Polymer chain

Figure 26: Scheme of protein repellent polymertgchsurface with extremely hydrated chains.

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
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not be followed as a general rule, because as amaatiabove oligo glycols contain these
groups that are known to be highly non-adhesiveoter treatment that was found to
exhibit no or negligible adsorption of various m@ios like BSA, HAS, Lyz, Cyt C,
fibrinogen and myoglobin is poly (N-isopropylacnylade) PNIPAM grafted layers under
its LCST. When the temperature increases above@sI they adhere to the dehydrated
PNIPAM surfaces and their affinity can be ratheversibly controlled by change of
temperature. The detachment reported varied betv@@eho and 100%, where 100%
corresponds to complete detachment of proteins,I88]. These reversible behaviour of
protein adsorption on the PNIPAM and PNIPAM baseaitgd surfaces is often used for
purification of proteins and nucleic acids (DNA,D&A and RNA), membrane
modifications 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 (PrH called as well scrapie prion protein. The
mechanism of transformation is not yet completaetgerstood, 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
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*B%) and a model proposed for PTB).

Another protein involved in development of neuroelegrative diseasesassynuclein.
Solublea-synuclein can aggregate and form insoluble fiméferred to as Lewy bodies
and enhances the evolution of pathological disedi&es multiple system atrophy,
dementia with Lewy bodies and Parkinson’s dise&s®ucleins 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 fibriti@a of a-syn. The primary structure of
a-syn is divided into three main domains: residuesnf 1-60 (N-terminal region) that is
dominated byu-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].
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Figure 28: Three dimensional structurexefynuclein.

Tau protein is a soluble microtubule associatedgmmdhat is found mostly in neuronal
cells. The role of Tau protein is to stabilize thierotubules and when this stabilization is
defected the Tau proteins aggregate in human kath form neurofibrillary tangles
(NFTs). These tangles are formed by hyper phospdtoryg of Tau protein (pTau) and
self- assembly of paired helical filaments (PHH)eTost known “Tauopathy” nowadays
is Alzheimer’'s disease. Tau protein exist in sigfasms, distinguished by number of
binding domains, making their size vary between 868 441 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 amdeta peptide (B-42) that is used for
diagnostic purposes [172]. Some basic charactsisti studied proteins are gathered in
Table 3.

Table 3: Basic properties of representative prsteityl —hydrophilic, Hyb- hydrophobic.

Proteins/ Prion protein a- syn Tau protein AB

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

pl 9.8 5.8- 46 47 46-5.1 4.7- 5.5-65 55
6.5 6.9

Size (AA) 218 231 140 441

form filament filament filament

Hydrophobicity Hyl Hyb  Hyl Hyb
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2 Experimental part

This chapter is describing methods used for dewetyt of non-adhesive surfaces
towards the specific neurodegenerative agents lagid ¢haracterisation. In the first part
polypropylene plates were modified in weakly iomiz®w-pressure radio frequency (RF)
plasma of tetrafluoromethane (§Rand helium. Helium plasma activated supports were
coated with a thin layer of polymer or mixtures ypoér-surfactant. Various surface
analyzing techniques were employed to study theacheristics of modified polymers.
Plasma phase was monitored by optical emissiontrgseopy (OES) and actinometry
measurements. The wettability of samples was medsby contact angle method,
chemical composition by X-ray photoelectron spestopy (XPS) and surface
morphology by atomic force microscopy (AFM). In tlsecond part the optimally
prepared samples were exposed to various protditicsts and their interaction was
followed by XPS analyses and confocal microscopyalfy the third part of this chapter
presents the protocols for immunodetection of therodegenerative agents (recombinant
and in cerebrospinal fluid- CSF) stored in treakggpendorf tubes by Enzyme-linked
immunosorbent assay (ELISA) tests. The plan of ewmntal 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.

2.1 Functionalization of supports

2.1.1 Plasma treatment

Plasma treatment experiments have been performeédeimischarge chamber shown in
Figure 30. The chamber is made from stainless atelhas 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 industguency of 13.56 MHz and the output
power up to 120 W. The system is pumped with actmddecular pump with the nominal
pumping speed of 900 dm'backed by a two stage oil rotary pump with the mahi
pumping speed of 25 im'. Pressure is measured with a baratron attachée tdischarge
chamber. The ultimate pressure in the system istabdl0° mbar. Gases are leaked in the
system through flow meters. The experiments weakzesl by optimization of the following
treatment parameters:

- discharge power (P, W)
- gas flow (0, sccm)
- time of treatment (t, min)

- type of gas

The experiments of plasma treatment were perforagedollows. The polypropylene
supports and Eppendorf tubes (both produced by EBDANnnecy) were washed in ethanol
solution under ultrasound for 15 min and dried onght under laminar flow. Cleaned
samples were mounted onto the bottom of the digehelnamber. The chamber was closed
and pumped by the rotary pump until the pressuceirat 1x1G mbar was obtained.
Afterwards the turbomolecular pump was turned oo thie pressure dropped significantly
until it reached the pressure of 1%1fbar, typically after 30 min of pumping. Either



Experimental part 39

tetrafluormethane or helium gases were then intedunto the discharge chamber. The
discharge was created at the power between 10 GhdlVl whereas the time of treatment
varied between 0 min and 10 min for featment and between 0 min to 3 min for helium
plasma activation. The flow of Glgas was varied form 10 sccm to 40 sccm and thedfo
helium gas from 15 sccm to 90 sccm. After the tneatt the discharge power was cut off
and the reactor chamber was set back to the atmasgressure. The samples were taken
out from the discharge chamber for further treathand analyses.

Figure 30: The experimental setup. 1 — dischargantier, 2 — turbomolecular pump, 3 — rotary
pump, 4 — vacuum gauge, 5 — RF generator, 6 — ingtetetwork, 7 — powered electrode, 8 —
sample, 9 — optical fiber, 10 — optical spectrometé- high pressure valve, 12 — gas flask.

2.1.2 Preparation of immersion solutions

Three different types of aqueous solutions comgirmpolymer 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 tBl in distilled water and agitated
with magnetic stirrer for 3 h at room temperatuRd ) until they completely dissolved.
The concentration of PNIPAM solution was adjustetiieen 0.001 g/L and 10 g/L.

The second solution is a mixture of PNIPAM and hiecgl-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 onarimefore using
at room temperature. From now on it will be reféneas MIX I.

The third solution is composed of PNIPAM and polethylene (POE 20) sorbitan
monolaurate or commercially known under the nameé26. Tween 28 M= 1227.54¢g/
mol, CMC= 8.04x10) was provided from Sigma Aldrich and diluted i tistilled water
to the concentration of 5d/L, or 0.05% at room temperature. Afterwards PNWPAt the
c= 0.5 g/L was heated up to 28°C and the Tweéh fution was added in tWeen
20Venpav= 1:1. The solution was agitated with magneticrestifor 2 h at elevated
temperature of 40°C and used hot for further grgftrhe increase of temperature for this
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mixture is needed due to the low affinity of neufralymers toward the neutral surfactants.
Namely the increase of temperature will induce ré@rientation of PNIPAM chains and

consequently the self assembly based on hydroplmtei@ctions can occur. A name MIX

Il was applied to this mixture.

For the study of polymer to surfactant ratio thelutans 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 formslaf 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-isoprdgugrylamide), 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 immengsias 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 takenadigolution and immersed into distilled
water for a short duration (around 5 seconds) ameddunder laminar flow at room
temperature over night. In the next step the smhutioncentration was fixed at 2 g/ L and
the time of dipping varied from 5 min to 300 minm tbe same plasma parameters. Finally
the study of plasma treatment time on grafting NfFFAM was done. The helium plasma
was created at P= 75 W addg 30 sccm, while the time of treatment varied betwvé
and 180 s. The solution concentration was fixe@l ag/L and the time of immersion to 2
h.

The grafting of MIX | was performed after 60 s @liom plasma activation at P= 75 W
and®= 30 sccm, whereas the time of the immersion wasdptermined to 5 h. In the first
part of the experiments the influence of polymet anrfactant concentration on the grafting
were studied. Concentration of PNIPAMJGvas fixed at 0.5 g/L and concentration of
CTAB (C;) was changed between 0.1 and 2 mM or the contientiaf CTAB was fixed at
1mM and concentration of PNIPAM changed betweer? G@d 2 g/L. Likewise for
PNIPAM, the influence of plasma treatment time (0 $80 s) on surface modification was
studied. The variations between the polymer anfhsiant concentrations were done with a
purpose to observe at which conditions it wouldpossible to obtain structured mixed
micelles like suggested in Figure 32.
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Concentration of surfactant

Figure 32: Influence of surfactant addition on sel§sembly of protein and surfactant and
formation of mixed micelles.

Similarly to PNIPAM and MIX I, MIX Il was graftedat helium activated samples
after 180 s of activation at P= 75 W add 30 sccm. The dipping in the solutions with
different concentration ratios between PNIPAM ande&n 26 lasted 5 h at the
temperature of 28°Che concentration of PNIPAM ¢Ewas fixed at 0.5 g/L and the
mass fraction of Tween 20(W;) varied between 0.01% and 0.1%. After that the
concentration of Tween20was fixed at 0.05% and concentration of PNIPAMngjea
between 0.02 and 2 g/L. In the following step tle@vation of PP plates with helium
plasma was varied between 0 s and 180 s, beforamtinersion. All substrates grafted
with MIX Il were rinsed with warm water and drietledevated temperature (T=40°C).

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

Optical emission spectroscopy was usedresitu diagnostics of excited species present
in the plasma discharge as a function of dischgayameters. In this work an optical
emission spectroscopy of ¢and He plasma was performed by using JOBIN YVON
TRIAX 320 monochromator with a focal length of 32.cThe photons are detected with
a CCD camera with a spectral response in the rdrgga 180 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 250anch used mainly for the measurements
in the UV region (180 nm to 400 nm) an the second is centred at 500 nm, used for
measuring in the visible and near IR region (400 t@wn1000 nm). Plasma glow
luminescence is detected through an optical wintioked by an optical fibre to the input
of JOBIN YVON HR 320 spectrometer. Signal is thenpéified by HAMAMATSU
R928 photomultiplier and processed by the softwaegsion 3.2, JOBIN YVON). The
spectrometer is linked to the controller Spectkald©OBIN YVON to control and to
process data.

Quantitative analyses of the species concentratidhe initial state were evaluated by
actinometrical measurements, where 2% of Ar gasaddsed 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 ptna X*— X+ hv. The emission from the
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excited state can be expressed as:

| =Tk e [i] (1)

where | is the intensity of the emission from speciesth@x X or actinometric gas), Je

is the electron density, [i] is the concentratidrspecies I, Kis the excitation efficiency
of species | and’j is the branching ratio for emission relative to @her de- excitation
paths. The excitation efficiency is a function bételectron energy distribution and the
excitation cross section:

k =

= |vlg)oi(e)f (e)de )2
wheree is the electron energy(e) is the electron velocitysi(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 inert gas atoms as follows:

o—3

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

®3)

Typically, the electron- impact excitation crosst&mns are chosen in the way that the
excitation energy thresholds are comparable anblisncase 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]O |I *[Act] (4)

Act

The use of this technique involves ensuring thatatidition of actinometer (noble gas)
does not change the characteristics of plasma.

2.3 Surface characterisation

2.3.1 Surface grafting

The contact angle method was used to determinsuttiace energy components of solid
plates and their acid-base character. The measntemeere performed with RAME
HART goniometer (model 100-00-230) equipped with:

A sample holder

An optical fiber illuminator (Green light source)

A rotating 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 (ultrapuitQ water, diiodomethane and glycerol,
using the Fowkes and Owens-Wendt method:
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i (1+cos®) = 2 Gy )2 and y (1+cosO) = 2 Gy + 2 gyP)Y? (5)

wherey stands for surface energy,for contact angle and the indexes s and | inditae
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 (MImM?) % (MIIm?) 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.bL) and glycerol (LL) were deposited
on treated and untreated surfaces in order to wepitee accuracy of the results. Moreover
the same treatments were done and measured nuntieressThe 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 XB&ument TFA XPS Physical
Electronics. Typical time between the samples pedfmam and analyses was around 14
days. The pressure in the XPS analysis chamberabast 6x13° mbar. The samples
were excited with X-rays over a 400-pum spot areth wionochromatic AK,; » radiation

at 1486.6 eV. The photoelectrons were detected avliemispherical analyzer positioned
at 45° with respect to the normal to the sampléaser The energy resolution was about
0.6 eV. Survey-scan spectra were made at a pasgyeniel87.85 eV, while the form of
the Cls peak was analyzed at a pass energy ofeX8.8nd a 0.1-eV step. Since the
samples are insulators, we used an additional refecgun to allow the surface
neutralization during the measurements. The spewotre fitted using MultiPak v7.3.1
software from Physical Electronics, which was siggplwith the spectrometer. The
curves were fitted with symmetrical Gauss-Lorentzactions.

2.3.3 Zeta potential measurements

The measurements of zeta potential were done byZ#taCAD provided by CAD
instrument. The buffer solutions for tligpH) 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 #a¢uration the NaCl solution was
prepared at the concentration of 1.7%M. 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 HA8@Am HANNA Instruments. The
electrolytes were introduced in the cell at const@mperature of 25°C and sent in
between the samples at pre- determined pressute réinaained the same for all
measurements. For each sample the liquid passeddne cell to another and back until
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the potential stabilized, on average after 5 cyclé® example of obtained curve can be
seen in 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 correctedtlwia proper value measured with a
conductivity meter. Between each change of solutidh 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 measuremeats always performed from the lowest
pH=3 to the highest pH=9.4 and backwards. For sadhple the experiment was repeated
three times, therefore the results represent thage of 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 cantileik a constant force of 10 N/m
and the resonance frequency of 170 kHz. All measaenés were done typically after 2
weeks of treatment on areas 100’ and 5x5um?® The average surface roughness (Sa)
was calculated from images made of areas measirBgm?. To obtain representative
results average surface roughness was obtainedSmifferent areas.

2.3.5 Confocal microscopy

The imaging of protein coated samples was perforimgedonfocal microscopy, type
Leica TCS-SP2 (Leica Microsystems Heidelberg, GeypaThe protein solutions of
PrPregum Tauec anda-syn were prepared at the c= 50 ng/mL in PBS bidtdation at
pH=7.4. Each protein solution was stained with Rimoche at the volume concentration
0.5 %. In parallel a blank suspension of buffeusoh and rhodamine was prepared with
absence of proteins (at the same rhodamine comtem). 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 repeledt highly attractive surfaces for
chosen proteins in order to optimise the conceaotratused. Prepared solutions were
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smeared over the untreated and treated samplelefafior 2 h. After that time, samples
were quickly splashed with distilled water and drisnder laminar flow over night. These
supports were after attached to microscopy slidésaaalysed by confocal microscopy.

2.4 Biological validation of Eppendorf tubes by ELISA tests

The untreated, CFPNIPAM, MIX | and MIX Il treated tubes were stdrender nitrogen
atmosphere and tested for their storage capabillile 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 atsgghotometer. 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) “SandwichT¥ test.

In the direct ELISA test the antigen solution wisesd in the Eppendorf tubes at specific
experimental conditions (temperature, time and [iH)he next step tubes were purged and
washed with buffer solution in order to remove d@indigen that did not attach to the surface
of the tubes. This supernatant that was removed fhe tubes is directly deposited to the
pre- coated and blocked strips (prepared a daydjefised for complementary “sandwich”
ELISA test (Figure 34.b, third step). Tubes arentbeposed to a solution that is containing
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blocking agents (BSA, gelatine, Tween, Casein)luhe surface is saturated. This is
followed by a washing step and addition of the cteta antibody coupled with an enzyme,
like for example horseradish peroxidase (HRP), twhg used to amplify a signal and
increase the sensibility of a target molecule. iixed HRP is then washed with the buffer
solution and 3,3’,5,5'-tetramethylbenzidine (TMB) added. TMB forms a blue product
when it reacts with the peroxidase. Further addiibsulphuric acid stops the reaction and
turns TMB yellow. This colour is at the end readhwihe spectrophotometer at 450 nm.
Therefore the optical density measurements obtalmeddirect ELISA tests will be
proportional to the amount of protein adsorbed wres. On the other hand “sandwich”
ELISA (Figure 34.b) will give the complementary anfhation about how much of the
protein remained in the solution. For this reagas important to analyse the supernatant
from the same tube on which the direct ELISA wadopmed. The detailed protocols for
each protein will be given in the next subchapters.

2.4.1 ELISA protocols for detection of different neurodegenerative
agents

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

DIRECT ELISA TEST:

Coating of 50uL of PrPregymin differently treated Eppendorf tubes; the protein
was diluted to the c=lg/mL in PBS buffer at pH= 7.4. The time and tempea&
of coating depended on the experiment and will feciied before each results
report, standard study was done at 4°C and t=24 h
Washing of the tubes with PBS (2h0Q) five times and saturation of the surface
with 3% BSA, V= 50uL. Saturation was done at 37°C for 1h.
Washing of the tubes with PBS (5 times, 2&0Q and addition of the biotinylated
antibody 7F4- biot (V=5QL, c= 1pg/mL) for 1h at 37°C
Washing of the tubes with PBS (5 times, 3280 and addition of streptavidin
coupled with HRP (V=5Q@L, 1/7500 dilution in PBS) for 30 min at 25 °C
Washing of the tubes with PBS (5 times, 2&0 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=50 uL, c= 1N)

- Transfer of the solution form tubes to polycarbenaading plates and analysis
with spectrophotometer at 450 nm

“‘SANDWICH” ELISA TEST:

- Coating of detection strips with 50L of detection antibody Saf 32. 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 (2@Q) 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 PrPregs
that was stored in differently treated tubes (V&G-uL, c= 1 ug/mL) for 1 h at
37°C
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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, 20l0) and addition of streptavidin
coupled with HRP (V=5Q@L, 1/7500 dilution in PBS) for 30 min at 25 °C
Washing of the strips with PBS (5 times, 200 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=50 uL, c= 1N)

- Transfer of the solution form the strips to thediag plates and analysis with
spectrophotometer at 450 nm

2.4.1.2 “Sandwich” ELISA protocol for detection of PrPc from CSF

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

- Coating of capture antibodF3 (Kit Roboscreen) at 37°C for 2h in PBS (pH=
7.4) on untreated PP (Neuroscreen) strips; (V=150@cg 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) amwéting with the detection
antibody 15F5-HRP (Roboscreen Kit) at 37°C for (M% 50 uL, c=1/10)

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

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

2.4.1.3"Sandwich” ELISA protocol for detection of Tau ¢

- Coating of Tawc Roboscreen 441 in the differently treated Eppefnudnes for
24 h at 4°C; c= 100 ng/mL, V=100 uL, PBS at pH4 7.

- Coating of Taw. from the tubes (stored for 24h under point 1) &tdRer night,
Vtaure= 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
pML. Add conjugate 2 (Innogenetics kit) in the 1/I0idition and distribute 100 pL
per well. Incubate 30 min at RT

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

- Add 100 pl of stop solution (2N430y)
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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 treatedgabe °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 buffpH= 9.4) on
untreated PP (Neuroscreen) strips; (V=50 pL, cg/i2yl)

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

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

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

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

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

- Addition of H,SO, (V=50 uL, c= 2N) 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 urm@nt 1) at RT over night,
Vese= 25 UL + 75 pL conjugate 1 (Innogenetics kit, Y Hilution: 30 pL of conj
1 + 3 mL of con;. dilution)

- Washing of strips 4 times with washing solutionnfirohe kit, 1/25 dilution 400
pML. Add conjugate 2 (Innogenetics kit) in the 1/I0idition and distribute 100 pL
per well. Incubate 30 min at RT

- Washing of strips 4 times and add TMB in 1/100 tthlu (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

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 puL,

- Coating of CSF from the tubes (stored for 24 h unment 1) at RT over night,
Vese= 25 pb + 75 pL conjugate 1 (Innogenetics kit, ¥ Hlution: 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/Xi@tion and distribute 100 pL
per well. Incubate 30 min at RT

- Washing of strips 5 times and add TMB in 1/100 tibhu (Innogenetics Kkit);
distribute 100 pL per well and incubate for 30 @irRT in the dark
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Add 50 pul of stop solution (0.9NASO,)
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=f@r to 3 months at
the T=-20°C and 4°C at V=100

Coating of detection antibody C211 diluted 1:20€via00 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= 20QiL) 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 timés,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 etsm 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; A ulL)

Washing with PBS buffer / 0.05% Tween 20 (4 etsn V= 20QuL) and
addition of secondary antibody anti-rabbit-HRRuted to 1:10000 in PBS
buffer + 2.5% of gelatine. Incubated for 1 h atg; (V= 100uL)

Washing with PBS buffer / 0.05% Tween 20 (4 timés,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 CK, plasma treatment

The goal of this study is to obtain surfaces witmimal surface energy that will be
potentially able to resist the adsorption of sedcproteins [18].The GFplasmas are
known to be a source of different atomic and mdbactadical species (F, CF, g&nd
CFR) in their ground, excited or ionized states. As tamperature of electrons in used
plasma corresponds to the dissociation energy at rmlecules and as the probability
for recombination of neutral atoms comparing to nieetralisation of charged species is
very low, the main species that will react with tharface are the neutral atoms and
molecules [173]. The fluorine molecular species,(CF, and Ck) are acting as building
blocks by substituting the hydrocarbon bonds, whilethe other side F atoms can react
either as subsistent or etch the material [67]r&foee it is very important to monitor the
presence of reactive species in the plasma phasefasction of disharge parameters,
accounting for the discharge power and the gas, ftmaresponding to the pressure in the
reactor chamber. The presence of excited specidwiplasma phase was monitored by
optical emission spectroscopy, while their relatiy@und state concentrations were
estimated by actinometry [174].

In the next step the surface energy was measurddebgontact angle method, where a
drop of ultrapure milliQ water was deposited to siieface of substrates treated at different
conditions, varying power, pressure and time dadttrent. This method was also used for
determining the surface stability with time undeg &hd air. The relative elemental
composition of treated samples and their chemigaty determined by X-ray photoelectron
spectroscopy (XPS). In the final step the optimalgated samples (exhibiting strongest
hydrophobic character) were chosen and their stidaarge was measured by zeta potential
method, while the changes in the surface roughaedsmorphology were evaluated by
atomic force microscopy (AFM).
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3.1.1 Characterization of the plasma phase

In order to determine the species present in plgdgmae the discharge was created either
without any input of source gas at the ultimatespuee or with the addition of GRas.
The flow of gas varied between 5 and 40 sccm, spmeding to the pressure between
1.4x10% and 3.9x18 mbar, while the power was adjusted from 10 to W0Mefore each
experiment the reactor chamber was pumped foraat lealf and hour with the intention
to acquire the ultimate pressure in the order ofymitade 1x10 mbar. The optical
emission spectra of plasma phase without and wi#t of source gas are presented in the
Figures 35 and 36, respectively.
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Figure 35: OES spectrum at discharge power of 50Wtianate pressure (p= 2x ¥@nbar).

Figure 35 presents an optical emission spectrunitored at base pressure, p= 2%°10
mbar. The spectrum is composed of bands correspgnditransition of OH at 309.1 nm
(AZ*—>X2), hydrogen Balmer lines, and oxygen lines at 77@rid 844.8 nm
corresponding to 3p— 35S’ and 3pP— 35S transitions respectively. This spectrum
matches well to typical water plasma spectra ptesehy several authors [175]. There
are also many bands between 300 and 450 nm thabargdated to different transitions of
nitrogen molecules [176].

An optical emission spectrum of £plasma is presented in Figure 36. This spectrum is
composed of a large continuum in UV part, betwe@gh @1d 400 nm, corresponding to the
emission continuum of GFion. Several bands between 240 and 300 nm ailustdl to
different vibrational transitions of Gkadicals. Principal lines observed at 246, 2492581
nm are ascribed to the vibrational transition of @llecule from A (Oy,, 0) to X {1, v, 0).

The emission of CF is observed between 200 anch@§Ccorresponding to the transitions
A%Z—X?T and BA —X?I1 [66]. Additional molecular bands are much weaket averlap
with continuum. Strong lines in UV correspond te i second 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€§ar 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 finerine emissions in this region are
Py — 2P (at 703.7, 712.8 and 720.3n18, — 2P (at 731.0, 733.3 and 733.9n(); —

‘P (at 742.6, 755.3, 757.3 and 760.7 nm) #dd— P (at 775.5 and 780.1 nm). The
presence of Gfband can not be confirmed due to the overlappiith ®F, emission
continuum between 230 and 300 nm. There exist nmapgrts about the presence or
absence of Cfemission lines in Cfplasma discharge [177,178]. Nevertheless, the
optical emission spectra of ¢plasma strongly depend on the ultimate pressundih
experiments are performed. Therefore, optical @omnsspectra, especially in the UV
region differ substantially among individual disofpas, causing the statements to be often
contradictory.

In plasma reactor the change of discharge parasnstieh as power and flow of gas will
influence the density of radicals in the plasma sphaThe conversion of radical
concentration in the plasma is not necessarilysdmae as the change of intensity in the
optical emission spectra. For this reason a quadingt evaluation of the species
concentration (actinometry) can be employed. Thecharinciple is the addition of a low
concentration of noble gas such as argon (usuellgv 5%) to the source gas, considering
that this amount of gas will not change the chargtics of plasma. In our study the
actinometry was performed with the addition of 2d¥%argon gas to 98% of main gas-
tetrafluoromethane. The lines studied with actintbynere the F line at 703.3 nm, CF line
at 202.4 nm and GHine at 251.6 nm, while the argon lines used wleeeone at 750.4 nm
for the determination of relative ground concemdratof F atoms and 416.4 nm for the
determination of ground concentration for CF and @Blecules.

The evolution of different excited speciegdl@;) 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 sfhdirge, the main radicals present in
the plasma were GFnolecules and F atoms. It can be seen in Figuth&7the density
of atomic F is increasing until the power reach@3Ns and afterwards remains constant,
while the concentration of GHadical has the opposite tendency and decreagbs wi
power. The drop becomes more pronounced for theepaxceeding 60 W. The
concentration of CF radicals is negligible comparia F and Ckradicals and remains
constantly low with the change of power or gas fl&wesence of such strong Cihd F
emission lines indicates that £Rolecule is just partially dissociated under pnése
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plasma conditions. Otherwise also CF emission Mesld be much higher. The increase
of power thus causes a linear growth of fluorinecggs in comparison to ¢Fadicals. In

the plasma, electrons gain energy directly from ghextric field and loose energy by
collisions with the particles. Therefore, electravith certain energy will govern the rate
of ionization, dissociation and excitation procegshe source gasses or precursors in the
plasmas. The increase in power increases the @hedensity, which as a consequence
causes a higher dissociation of,Gfas [179].
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Figure 37: Evolution of relative intensities of EF and CF lines as a function of discharge
power (flow= 40 sccm, p= 3.9xt0nbar).
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Figure 38: Evolution of relative intensities of &f and CElines as a function of gas flow at P=
50W; p= 8.2x10 mbar (5 sccm) to 3.9xFmbar (40 sccm).

Results in Figure 38 indicate that the relativemstty of fluorine species is higher than of
CFR, radicals. But in the same time, they have the sméency; higher the flow of gas,
higher is the density of radicals. The concentmatibF radicals grows until the flow of 30
sccm is reached, forming a plateau and slightlpsiafterwards, while the concentration of
CF, species is slowly increasing all the way to thwlfiflow 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 emplagding 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; determination of the
hydrophobic properties

The goal of this preliminary study was to identifie plasma parameters that would allow
us to attain surfaces with minimal free energythia next step the examination of ageing
effect on the treated surfaces was performed. Tabilisy of surfaces with time is
important because their performance for biomedaggdlications is required in a longer
period of time. The polypropylene plates were wdain CFK discharge under varying
power, pressure and time of treatment. The cortagkes 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%htbar. 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 powenyaimophobization of the samples. To
study the influence of the input power, the flowswi&ed to 40 sccm and the time of
treatment to 7 min. The power varied in the ranig&0oto 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 decreasgagn reaching the value of 121° at
100 W.
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Figure 39: Effect of discharge power on water contngles of Cltreated PP plates (black
curve) and on relative concentration of fluorinee@ps in the discharge obtained from
actinometry measurements (red curve).
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If we compare the contact angle results with aatieiny measurements (Figure 39; black
and red lines), the contact angle measurements shawmum 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 obtamieeh the plasma phase is composed
from approximately 50% of fluorine atoms. As menéd before, the fluorine atoms can act
as etching agents or contribute to the substituteactions. Therefore, it seems that a
balance in gas composition exists, where the op#ichihydrophobization (deposition vs.
etching) can be realized. It can be seen in Figuras well, that at P= 45 W, there is a
switch at which F atoms become main species ipldmma phase comparing to CF and CF
radicals. When the power employed is less than 5@e@hnically the balance between F
atoms and fluorinated species is in favour of di#pascomparing to etching, even though
the relative amount of radicals responsible foorilbation 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 gaspamition 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 almostrlyndapends 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 owitatifect. The untreated sample
possesses a water contact angle equal to 107.83& s@mples treated at 10 and 15 sccm
of CF, gas have the angles of 74° and 98° respectiveig. Aighest contact angle is
obtained at the highest flow (40 sccm), reachimguwiue 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 tie@)onstrate that the percentage of
fluorine in the discharge varies between 52 % &nh@6 There is a maximum at 25 sccm
indicating that at this pressure the prevalendtiofine species is the highest. With the flow
increasing further, the relative F concentratiorthe plasma phase rapidly decreases and
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reaches minimum between 35 sccm and 40 sccm, poréimg 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 stultes 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 poweOdlN5where 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@weit can be seen that the degree of
hydrophobization for lower flows is almost negligilcomparing 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 maximalambrangle after around 7 minutes, at
a flow of 20 sccm is 114° at a flow of 20 sccm 48@° at a flow of 40 sccm. For higher
gas flows, no matter how long the treatment tims, e level of hydrophobization was
superior. It can be also noticed that at low gawd, the measured contact angle initially
decreases below the one of the untreated sam#é)(Kfter 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&eam8 18 minute.
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Figure 41: Effect of time of treatment on water temh angles of Cftreated 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 relativecentration of fluorine species with
gas flow was reported by several authors [65]. Tlege observing peak evolution either
with actinometry or mass spectrometry measurem@iits. 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 pawer. 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 thfaseienergy obtained minimum at certain
power and in the others there was a sharp incieagater contact angles at higher powers.
These differences were explained mostly by surfacghness, namely when substrates
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possess the roughness below 10 nm contact angied s@tween 110° and 130°, while at
rough substrates it is possible to obtain completeberhydrophobic 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 chemisitii ime. This ageing is usually
ascribed to two fundamental processes: post-plasxigation and surface adaptation

[180].
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Figure 42: Contact angle measurements on thet@gted PP plates in a month period stored
under air (black curve) and nitrogen (red curve).

Figure 42 is showing the results of contact angéasnrements that were carried out
continuously for a month, in order to determine thgeing of Ck plasma treated
substrates under air and nitrogen atmosphere. 8wdts 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 contatgrwair. The change in the contact
angle reached around 5° in the first few days dtet this 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-
diffusing atmospheric oxygen that was observed reg¢\vauthors [181]. The negligible
ageing of Ck plasma treated substrates is not surprising, #s &io and nitrogen are
considered as hydrophobic medium; consequentlystiveace 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@csumodifications.
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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 sanwéze 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¢ntent time (t) between 1 min and
15 min and the gas flowD() between 10 sccm to 40 sccm.

The elemental surface composition obtained fromlde resolution XPS spectra of
untreated and GFplasma treated samples with corresponding watetacb angle
measurements is gathered in Table 5. It can be@abéhat the untreated sample is mainly
composed of carbon, 94.0%, and a small concemntraficoxygen, 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 dow4.3 %
and the concentration of F rises up to 46.2 %.

Table 5: Description of samples, surface compasitioat.% and contact angle values.

Sample : C (%) O (%) F (%) Al (%) F/C o/C Contact
P (W), t (min), ® (sccm) angle (°)
1 (0,0,0) 94.0 4.1 / / / 0.04 107.5
2. (50,7,10) 47.4 11.5 35.1 3.3 0.74 0.24 74
3. (50,7,20) 47.3 9.7 38.6 2.3 0.82 0.21 112
4. (50,7,30) 45.2 7.7 44.3 1.7 0.98 0.17 121
5. (50,7,40) 46.1 6.4 46.2 0.8 1.00 0.14 132
6. (20,7,40) 54.2 6.7 38.6 0.3 0.71 0.12 117
7. (100,7,40) 44.3 8.7 425 3.0 0.96 0.20 119
8. (50,15,40) 49.9 9.9 39.1 1.2 0.78 0.20 117
9. (50,1,40) 53.1 8.4 36.1 0.0 0.68 0.16 113

3.1.3.1Influence of treatment time on the surface chemisir

The variation of contact angle and F/C ratio asuaction of treatment time is
presented in Figure 43.a. After just 1 min of tneexit, the concentration of fluorine
remarkably increased from 0 % to 36.1%, which agpoads to F/C ratio 0.68 and the
contact angle of 113°. The highest F/C ratio eqaal.00 was attained after 7 min of
treatment, where the water contact an@lereached 132°. After 15 min of treatment, the
F/C ratio again decreased to 0.78, accounting ppraximately 20% lower degree of
sample fluorination comparing to the sample treatiegiptimal conditions; th® dropped
back to 117°. The effect can be ascribed to thédriglegree of impurities (O, Al)
observed on the surface (Table 5). The compari$atoatact angle evolution and the
XPS results shows that there is a clear correldietaveen the incorporation of fluorine
functional groups and contact angle values (Fig&e Graph contact angle vs. F/C ratio
(Figure 43.b) can be decomposed to two linear ;petew the F/C ratio of 0.7 where the
hydrophobization rate is very slow and above tlisie, where a sharp increase of contact
angle with augmentation of fluorine species is olesk
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Figure 43: a) Variation of the contact angle an@ Fitio as a function of treatment time (P= 50
W, ®= 40 sccm) and b) contact angle as a functionugirihation ratio.

3.1.3.2Influence of discharge power on the surface chemist

The effect of the RF power on the hydrophobizaaod on the extent of fluorination is
demonstrated in Figure 44.a. Results show thattter contact angle and F/C ratio are
growing with increase of power up to 50 W whereytheth reach maximum. The degree
of fluorination at these conditions is 1.00 andresponds to the contact angle value of
132°. A further increase of discharge power leadsniportant decrease of contact angle
(for 13°), even though the F/C ratio stays appratety 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 functionuafrfihation 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 amouninpiurities on the surface, in the form
of aluminium and oxygen. These functionalities kamewn to have relatively high surface
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.
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3.1.3.3Influence of pressure on the surface chemistry

The influence of gas flow on the evolution of tletact angle and the F/C ratio is shown
in Figure 45.a. Both, F/C ratio and contact angéeiacreasing with the gas flow. Already
at 10 sccm (p= 1.4xT0mbar) the degree of fluorination increases froro ®.74 and
after this point grows progressively up to the tretaF/C ratio 1. What can be noticed is
that even though the F/C ratio increased substnéial0 sccm, the water contact angle
became even inferior to the non-treated sampleu(Eigl5.a). As this F/C ratio was
sufficient to observe hydrophobic surfaces at déife times and power (Figures 43 and
44) the reason for such a small contact angle ghiayl elsewhere. The difference in
elemental composition on these samples (Tablerbples 2-5) show a clear correlation
between the amount of aluminium and oxygen impsition the surface. This
phenomenon will be discussed in detail later indi@pter (page 65).
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Figure 45: a) Variation of the contact angle an@ 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 statedttieasurface is not highly covered with the
fluorine functional groups. It should be noted ttie contact angles are controlled by the
few outermost layers of polymer materials, wherdlas analyzing depth for C 1s
photoelectrons in XPS analyses is estimated att&hbunm (3 sin 45°= 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 intreducy 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 déseripf the samples with possible peak
assignments and their percentages are gathereable .

The C 1s peak of untreated PP consists of two peak®major 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 (-CHCH(CH;)-),, while the low quantity of C-O bonds can be asstito
impurities in the polymer itself. After plasma tregnt, four new peaks appear (C3-C6)
that are assigned to théd=CCHF-CH,/ C=0 (288.2 eV), €-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.
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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 relative proportion of all functional groupsgwing 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 fumatigroups (Table 6). However, it
can be seen that at the flow of 40 sccm, the weamount of CfFand CEk functional
groups reaches maximum, there was 3% more @fgtdups and 11% of GHuctional
groups found on the surface. A comparison of sasnfile/) treated in Cfplasma (t =7
min, flow = 40 sccm) at a variable power betweesl@0 W produced a relative increase
of Ck, and Ck functional groupsuntil the power of 50 W, for 4 % and 1.1 %
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respectively. Over and below this power, the cotragion of Ckh and CEK peaks
decreased and reached similar values at either 200W. At the same time, the higher
the power of discharge was, higher was the relameunt of CF species observed on the
surface. Considering the optical emission, corsacfie and low resolution XPS studies,
we can presume that at higher power there is paeaoval of fluorine groups from the
surface, which are later replaced by oxygen funeiities under exposal to atmosphere.
Therefore at a medium power there is less CF sperid more CFand CF, which are
responsible for higher degree of fluorination.

The progression of the relative amount of the fheted species with time can be seen in
the Table 6, samples 5, 8 and 9. The relative carat®ns of CE and CFk functional
groups have the same tendency; their concentrgtems until around 7 min (for 5.5 % and
1.5 % respectively) and after it starts decreadttyvever, the amount of GRunctional
groups is still higher after 15 min (12.4 %) ofaraent than after 1 min (9.9 %). The same
conclusion can be drawn for CF functional groupsh the 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 10.9 115 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 happgmn the gas chamber. The electron
temperature is only a few eV. Average electrons taerefore likely to excite GF
molecules to a variety of electronic, vibrationatlaotational states but cannot dissociate
or ionize the molecules. Only the fastest electrarescapable of dissociation, let alone
ionization. The lowest dissociation energy is fodmdthe reaction C/—~ CF; + F. Since
the electron temperature in our plasma is rathey 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, Ck, CF, C. The concentration of F atoms should bé higher than the
concentration of CFand Ck molecules. These radicals are primarily reactimgugh a
hydrogen substitution mechanism with the surfage @gHy + CF, — CiH(y.1)F).

As seen from results above, the relative proporioimpurities in the form of O and Al
increases on the surface when higher power is ggblor/and with longer treatment times
and decreases with higher flow of gas. In ordexdalain these effects we will first address
the optical emission spectrum presented in ther&igh, which is revealing some interesting
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features. Besides the fact that the predominamdtreg radicals at ultimate pressure are H,
OH, O and N it is interesting that these radicals are alstblisn spectra obtained in GF
plasma (Figure 36). Although the partial pressurgvater vapour is very low during the
system feeding with GRhe concentration of the impurity radicals remanunbstantial. The
ultimate pressure is about 2Xénbar. This is probably also the upper limit of thater
vapour partial pressure at experiments withs.GE is known that plasma facilitates
desorption of gases from the chamber walls so dngappressure of water vapour may be
increased after turning on the discharge.

On the other hand, a constant flow of,@&cilitates pumping of the impurity gases what
should cause continuous decreasing of the wat@uvayartial 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 36oisiexd 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 tresdciation 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 Hniadicals 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 concludat water vapour gets
fully dissociated in CFplasma. If the partial pressure of@®imolecules is 4xIDmbar, the
resultant density of neutral oxygen atoms is nkT p# 1x1d° m®. The resultant flux of O
radicals on the sample surface is j = ¥ n v = 08xm>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 afteesa seconds, let alone minutes, of plasma
treatment. This effect explains the formation @& thxygen 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-sigtiace functional groups [186-188].

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. Utnfoately it is difficult to estimate the
absolute value of the F and Qfadicals in our plasma. Still, it is reasonabl@rtedict about
1 % of dissociation fraction of GFnolecules what would give an F radical densitglmbut
5x10®. The density of oxygen and fluorine atoms in dasma is therefore roughly of the
same order of magnitude. There should be a congpefdr binding to the surface of the
sample. The potential barrier for the oxidatiorogfanic materials is somehow lower than
potential barrier for the fluorination. The finabreentration of the O and F functional
groups should therefore depend on the type of pamlyamd concentration of different
reactive species in the plasma. A higher conceéotratf F radicals would facilitate higher
hydrophobicity of the samples. This is confirmedXBS 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 powksetectrode. Since the density of CF
molecules in the chamber is much larger than tmsideof CF; molecules and F atoms
(let alone CE and CF molecules), and since the ionization enefg@F, molecules is
smaller than the ionization energy of £fd 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. @natlerage, each atom takes about a fifth
of the CR" ion kinetic energy, i.e. about 40 eV. Most of thigergy is spent for heating of
the electrode and a smaller fraction is spent an gputtering. The ion density in
unperturbed plasma is around 1¥h9° and this means that the resultant flux of,CF
ions onto the electrode surface would be about xti8 s*. Therefore the concentration
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of Al, although low, is probably due to (extremekeak) sputtering of the powered
electrode made from aluminium. The sputtering ywillldepend 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 noavmded 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 thwl connection to the powered
electrode.

3.1.4 Characterization of the surface charge of plasma-iorinated
surfaces

Acid-base properties of untreated and,QGFeated polypropylene were evaluated by
measuring zeta potential towards the pH of 1,7% MONaCl buffer solution (Figure 47).
The plasma treatment was performed at optimal tondi 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 thag #ne no dissociable acid or base groups
present on the surface. Namely, the origins ofctiege 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 amioncompetition to the water adsorption.
The anions adsorb stronger in neutral 1:1 eled¢as)yand for this reason the zeta potential is
negative for most of the polymer surfaces [188]

10+ “ —=— PP
: \\i —e— CF4 treated PP
0

-104

-20-

-301

Zeta potential (mV)

-40-

-50

. . — . .
3 4 5 6 7 8 9
pH

Figure 47: Zeta potential measurements vs. pH fioreated PP (black curve) and Qftasma
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 seirfexs more acidic character than the
untreated polypropylene surface. Normally,Gfas no acid-base character by Brgnsted
effect, because it can not react as either hydrdganr or acceptor. There are several actors
that could lead to these properties: increase pfex and aluminium functional groups on
the surface (Table 5, sample 5) and very probalytd the fact that samples are negatively
charged towards the plasma in the discharge chanNzenely, samples were visibly
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electrostatic when removed from the plasma chaaheéthe charge stayed on the surface if
there was no artificial drainage of the charge fthensurface.

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 ARvages of untreated PP sample are
shown in Figure 48. The sample does not exhibitspecial topography features on the
surface. There are only a few grain like structwieserved 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.

8 9 10

nm
120
60

pm
5
nm

a) b)
Figure 48: AFM images of untreated PP plate; ajtiteand b) 3D image.
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Figure 49: AFM images of GRreated PP plate; a) height and b) 3D image.

After CFK, plasma treatment there was no noticeable differebserved, even though the
sample was submitted to bombardment with fluoragicals 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 remmiviahbedded 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 heifhtmpurities remained the same. The
changes in surface roughness after plasma treaaremostly caused by chemical erosion
with atoms and/or physical erosion by ions in plasbisually amorphous parts are removed
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much faster than the crystalline counterparts anithis 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 etctdetected and thus there are no special
features observed after the plasma treatment.

This absence of surface roughness on our polypeapyblates 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 typelgmer substrate treated with £F
plasma reached the value of 125° or 175° solely tdu¢he difference in surface
roughness. The F/C ratio gained from XPS analysas &ven lower in the case of
superhydrophobic surface. Interesting results weeported as well for the
hydrophobization of samples that were pre-treatedxygen plasma in order to assure
the adequate surface roughness. In the next sése fubstrates were functionalized by
CF, plasma treatment and superhydrophobic characteob@ined [68].

Summarizing the one-step £PBlasma treatment results, we can say that theabpti
emission study coupled with contact angle measurtssmand XPS analyses gave us
valuable data: if we want to obtain an optimal beéabetween surface functionalization and
surface etching the relative amount of atomic fhwispecies in the discharge towards the
molecular Ckspecies should be around 50 %. These conditiorsbtaeed at maximal gas
flow of 40 sccm, moderate power of 50 W and treatriane of 7 min. Presence of
impurities on the surface (O, Al) was more evidartigher powers, longer treatment times
and lower gas flow. Their existence was ascribébagost-oxidation reactions, reactions of
impurities in the discharge chamber (mainly watapour) and to the weak sputtering of
powered electrode made of aluminium. AFM imagirigveéd us to confirm that the surface
roughness on our substrates was not important arougscent from highly hydrophobic to
superhydrophobic surfaces.

3.2 Hydrophilic modification of polymers through two-step
treatment: Plasma activation and polymer grafting

In the following study the goal is to activate f@ypropylene surfaces in order to initiate
the grafting of desired polymer or polymer contaghnmaterial. The activation itself was
performed by helium plasma treatment. Helium plasvaa used for the abstraction of
hydrogen from C-H bond on the polymer surface wiieze radicals form. These radicals
can after interact to form cross-links, unsaturageslps, react with incoming oxygen or
act as initiators for subsequent polymer grafti@g]] The polymer grafting technique is
used to chemically bond two or more types of mdieshaving different configurational

and/or constitutional features.

The radical species present in the plasma phase oserved by 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 tritnglammonium bromidg CTAB) or
Polyoxyethylene (20) sorbitan monolauréfeveen 26)). The immersion was carried out
at different concentrations, polymer to surfactardtlar ratios and plasma parameters in
order to study how the experimental conditionsuierfice the polymer grafting. Surfaces
were analyzed by contact angle method, XPS analgsts potential measurements and the
surface imaging was obtained by AFM analyses.
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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°wilfar. The power during experiments
was changed between 10 and 100 W, while the flosmedarom 10 sccm to 90 sccm,

related to the pressure between 2.8%afid 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= 1.5xF@nbar).

In the UV region (between 250 nm and 400 nm) tleeeetypical He emission lines
observed with some additional nitrogen and OH peeksnain impurities in the plasma
phase. The helium lines are not marked on the rspecand correspond to all additional
lines throughout the spectrum that are not idewatifiThe helium spectra are known to be
very rich and contains up to 2440 emission lindgh wifferent relative intensities [191]. For
this reason we needed to monitor the plasma atshegt acquisition times in order to be
able to observe other excited species next torhalat are present in the plasma phase. As
a consequence lots of the He emission lines amehidh the background. In the visible
region between 400 nm and 700 nm, we observedypes tof peaks corresponding to He
and the others to iHg, H,, H; Balmer lines. Above the 700 nm the emission lingsrig
mainly to He radicals with a peak at 777.7 nm atedrto oxygen 3P— 35S transition.

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

In the Figure 51.b are presented optical emissimes|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 impes stayed relatively low and constant.
After this power they have started increasing arathmed maximum at 80 W. The same
evolution was observed for He emission lines; hawelre relative amount of He emission
lines towards the impurities was higher at elevateaders.
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Figure 51: Intensity of He, O and,MNnes as a function of a) gas flow (P= 70 W, p8xA0* -
1.2x10" mbar) and b) discharge power< 30 sccm, p= 1.5xIbmbar).

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 abdlgenning of the experiments was
around 2x 10 mbar. The ageing of the surfaces was followed wraie at room
temperature for 2 weeks.

3.2.1.2.1nfluence of pressure on the wettability of modifiel surfaces

Influence of gas flow on surface energy and gaspamition 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 ontégegamples very slightly increases, for
5°, with pressure until the flow of 70 sccm (p=¥18° mbar). Above this flow the
contact angle starts to rigpiite substantially and reaches the value of 320asccm
(p= 1.2x10" mbar).

The optical emission measurements of He line iiitieas 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 comipahis to the contact angle measurements
it seems that they rise with gas flow- higher gti@stof helium radical species. Figure 52.b
is suggesting that the relative intensity of Hedin(He)/ [((He+O+) toward the impurities
is falling with flow, which is rather contradictofyom what we presumed before about the
presence of impurities in plasma phase and thgwoitance in surface activation. What
needs to be taken into account is that the helilasnm is extremely rich with metastable
species which excite the impurities in the plasmailferent inelastic collisions. Therefore
the atomic concentration of the impurities in theited states can not be exactly correlated
to their quantity in the ground state.
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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 ldé line toward impurities (He/ He+O+N
obtained from optical emission spectroscopy.

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. Resukggure 53 are showing that there
is rather linear decrease of water contact angi#s iwcreasing discharge power up to
100 W. At these parameters, so called superhydiopgtonditions were obtained. The
term superhydrophilicity was introduced to desctibve 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 anglesmneaents and optical emission
spectroscopy indicate that higher helium intenlgds 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 ¢ffleated power at 100 W can reach up to
20 W, which could explain the drop of He intendihes. 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 obtairgdgas flow measurements, present study
showed that higher He emission intensity leadsighdn activation of the surface. This
controversy suggests us that the He radicals almply not the only species responsible for
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Figure 53: Effect of power on water contact anglesle plasma treated PP plates vs. a)
He intensity lines and b) relative intensity of kee toward impurities (He/ He+ O+N
obtained from optical emission spectroscopy.
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Figure 53.b is showing a local minimum of relatiméensity of He lines towards the
impurities at 70 W, even though the contact angkpk decreasing with power. At this point
it must be said that the contact angle measurenaenitss power were often different, +5°,
probably due to the disturbance with reflected poweor this reason the power chosen for
the future experiments was 70 W, where the plasem stable and there was no reflected
power.

3.2.1.2.3Influence of treatment time on the wettability of nodified surfaces

The evolution of contact angle with the time ofatreent from 0 min to 3 min was
established at following plasma conditions; P 3W%and flow = 30 sccm, Figure 54. The
decrease of contact angle until 1 min is very irngoaty from 107.5° to 7° and then,
between 1 min and 3 min it drops for few more degr@nd becomes immeasurably low.

120
100
80
60 -

40

Contact angle (9

20

Time (min)

Figure 54: Effect of treatment time with heliumiaa on water contact angle.

3.2.1.2.4Ageing effects on the plasma-activated surfaces

Figure 55 is showing the ageing effect of He tred® 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 daysxgfosal 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 assure that the intended reactive groupm@sent on the plasma activated
surface for the covalent immobilization of a polyneeyer. Typical time needed between
the plasma activation and surface grafting for@yeriments is around 30 and 60 s. The
contact angle measurements show little ageing taffecfirst 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.

It can be said on generally that the ageing of péagrafted surfaces is caused by
internal and external factors. Internal factors tr@y, interfacial enthalpy, glass
transition temperaturgTg), crystallization and crosslinking density) ughce the
mobility of polymer chains, while external factqesxidations, hydrolysis, radiation and
temperature) are provided by the environment. Thestnimportant factor in helium
plasma-treated samples are the post-oxidation ioeactvith free radicals which are
followed by the surface adaptation. These chaingetations are driven as a response to
interfacial energy difference between the plasmeatéd polymer surface and its
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environment. As air is considered to be hydrophabedium (compared to water) the
polar groups on the surface tend to burry themselveéhe bulk of the polymer until the
equilibrium is reached [42]. Helium plasmas arewoftsed for forming crosslinking and
it was reported that under the condition that thieinsity is important enough they can
restrict to some point the surface mobility and pddon. However the results
communicated are diverse [193]. There is no general for ageing and it depends
strongly on the type of plasma, substrate and gg=anditions.
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Figure 55: Contact angle measurements on the HatettePP plates stored under air;
a) short time storage (up to 1 h), b) long timeage (up to 2 weeks).

3.2.1.3Characterisation of the activated surface, determiation of hydrophilic
properties

The chemical composition of the untreated and Hsemh treated plates was obtained by
XPS analyses. Treated samples were stored undéoraiwo weeks before they were
analysed. Several samples were prepared at diffelisnharge conditions, which are
specified in Table 7.

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 / 0.053 107.5
2.(75,1,15) 70.1 17.9 1.7 0.255 5
3.(75,1,30) 71.8 18.8 15 0.262 7
4.(75,1,50) 73.6 19.4 11 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
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Sample 1 is a virgin PP plate, whereas samplea@ $lasma-modified PP plates. The
discharge power (P) was changed in the range bet2@&V and 100 W, treatment time
(t) between 0.5 min and 3 min and the gas fld between 15 sccm to 80 sccm. The
elemental surface composition obtained from theriesolution XPS spectra of untreated
and He plasma-treated samples is gathered in Taldlbere was also a small amount of
impurities (Si, S, N) present on the surface thatret added to the table.

3.2.1.3.lnfluence of treatment time on the surface chemistr

The untreated sample 1 is composed mainly of caviitim a 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 foof 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 higimerunt of free radicals on the surface
through hydrogen abstraction that consequentlyt redle the oxygen from the atmosphere
or can form crosslinking and unsaturated groupses&hconditions correspond to
immeasurably low water contact angle (Figure 5&)e Tcomparison of contact angle
evolution and the XPS results (Figure 56.a) showsormelation between the maximal
incorporation of oxygen functional groups and udtien surface energy with time. If we
superimpose the two curves we can see the linesalation between contact angle and O/C
ratio with time, where at the O/C ratio of 0.32 tigns of surface saturation with oxygen
functionalities appear (Figure 56.b).
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Figure 56: a) Variation of the contact angle andC @atio as a function of treatment time
(P= 75 W,®= 30 sccm) and b) contact angle as a function 6f 1@fio.

3.2.1.3.2nfluence of discharge power on the surface chemist

The influence of discharge power on surface oxmhats quite abundant (Table 7). The
O/C ratio at 100 W is 0.322, which is much lardeart the O/C ratio at 75 W (0.262) or
20 W (0.238). The relative concentration of impgastis also much more pronounced
with higher power (samples 3, 6 and 7); the am@\nincreased by 1.6 % at 100 W
comparing to the sample treated for the same timdeflaw at the power of 20 W.
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The effect of the RF power on oxygen incorporat@md substrate activation is
demonstrated in Figure 57.a. The water contacteaisgfalling progressively with power
input, while interestingly the O/C ratio at 20 Wrist 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 impeastreaches 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 coatagle measurement as a function of O/C

ratio (Figure 57.b) are suggesting that at O/Coratound 0.25 the surface starts to be
saturated with oxygen functional groups.
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Figure 57: a) Variation of the contact angle andC @atio as a function of discharge power
(t= 1 min,®= 30 sccm) and b) contact angle as a function &f @fio

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 increastiig gas flow (the oposite tendency
to He emission lines), while the O/C ratio remagther unchanged (Figure 58.a).
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P= 75 W) and b) contact angle as a function of @#@®.
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In parallel with CEk plasma treatment the amount of aluminium on thiéase decreases
with increased gas flow (Table 7). In helium plasrttee ions have much lower mass and
the sputtering coefficient is much lower than fdfsCand similar heavy ions. The Al
concentration in Table 7, however, is not much lotwethose in Table 5. The dilemma
can be explained by Penning ionization in He plasmamely electrons in plasma excite
He atoms into the triplet states that are metastabh the other hand the ionization
fraction is at least an order of magnitude lowantkthe concentration of impurity gases in
the He plasma. Taking this into account, it cancbecluded that the concentration of
heavy ions that are able to cause sputtering iplAgma at low gas flows is almost the
same as in Gfplasma.

A high resolution C 1s spectrum was measured ierot@ provide some information
about the functional groups on the surface of théreated and treated samples. A
characteristic C 1s spectrum of helium treated $ausppresented in Figure 59. Relative
concentrations of different functional groups oa #urface of the samples after treatment
are gathered in Table 8.

Table 8: Relative concentrations of carbon funal@ed 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 Cc-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) 79.8 151 5.1 20.2
5.(75,1,80) 82.2 13.3 4.5 17.8
6.(20,1,30) 81.7 14.3 4.0 18.2
7.(100,1,30) 79.6 15.3 5.1 21.1
8.(75,0.5,30) 80.1 151 4.8 19.8
9.(75,3,30) 78.0 16.6 5.4 21.9

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

Samples have similar composition after treatmeatlatonditions and as expected those
that were exposed longer to plasma treatment HiaNelyg higher amount of C-O and C=0
functional groups (2%). Relative concentration m@iups with single bonds is 3 times higher
than the amount of double bonds, around 15% andceSpectively. These functional groups
are caused mainly by post-oxidation reactions ex fiadicals with air and partially through
oxidation reactions with the impurities (mostly eat/apour) that are heaped up in the
reactor chamber.
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Figure 59: High resolution C 1s spectrum of HeteddP sample; P=75 W, t= 1 min and flow=
30 sccm (p=1.5xIOmbar).

The results above have shown that superhydroppdigpropylene surfaces can be
obtained as long as we provide high discharge p{wér W), low flow (< 30 sccm) and the
treatment time superior to 2.5 min. At these coowlit the XPS analyses showed the highest
amount of both oxygen and aluminium atoms on thvéase. Nevertheless it is hard to
distribute the influence of each component on tnenétion 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 lsnethe formation of extremely reactive
free radicals on the surface occurs. These fraealachbruptly react with the atmosphere or
the liquid to which they are exposed to. Theretbee contact angles that were measured
immediately after the plasma treatment probablysbetter insight into the phenomena
than the XPS analyses that were performed appréeiyn2 weeks after the treatment. In
this time the ageing of samples was already sevbes,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 activadamples were taken from the
discharge chamber and immersed into three diffetgpés of polymer or polymer

containing solutions at altered experimental coodg. Surfaces were analyzed by
contact angle measurements, XPS analyses, zetaipbtaethod, while their topography
was examined by AFM imaging.
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3.2.2.1Characterisation of the modified surfaces, determiation of the
hydrophilic properties

The surface energy of samples was calculated ftemcontact angle measurements of
three different liquids (ultrapure milliQ water,i@ailomethane and glycerol) using the
Fowkes and Owens- Wendt method:

v (1+c0s®) = 2 Y2 and y (1+cos®) = 2 D2 + 2 gy P2
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 surfaceymseof different liquids are gathered
in Table 9.

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

Liquid v (MIm?)  v°(MI/m?) P (MI/m?)
Water 72.8 21.8 51.0
Diiodomethane 50.8 49.5 26.4
Glycerol 63.4 37 1.3

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 PAW, the solutions were prepared in
different range of concentrations, between 0.0Q1lagid 10 g/L. Helium plasma-treated
polypropylene plates (P= 75 W, flow= 30 sccm and3tamin) were immersed into
aqueous polymer solutions for 2 h at room tempegatlihe time between completed
plasma activation and immersion was less than anaten 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 dgsadples 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).

Figure 60.a is showing an evolution of contact esglith the concentration of polymer
solution. The contact angle with diiodomethane iepththe same for all concentrations
while the water contact angle measurements shovastiamic curve. The point at c=40
g/L should be noted that it corresponds to thenmdaactivated PP substrate immersed into
distilled water solution as a reference for 2 hgdose the concentration of polymer is in
logarithm scale it could not be set to zero. It banseen that the changes on the surface
begin to happen between the concentration of l0Jad 0.05 g/L and become stable in
the range of concentrations between 0.5 g/L ang/lL0corresponding 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 preparechatd¢oncentration of 0.5 g/ L. For short
treatment times, less than 10 min, the contacearajle exceeds 30°, which corresponds to
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the value of helium plasma-activated sample storeslater. Above 15 min of immersion
stable surfaces are obtained with the contact araperoximately 10°. The contact angle
with diiodomethane did not change with immersionetiand remained at a value of 55°.
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Figure 60: Contact angle measurements on PNIPAMtede substrates as a function of a)

concentration b) dipping time. THe present the measurement of water contact angianihs
after drop deposition.

These contact angles were measured when the wattact angle stopped spreading
over the surface, typically between 3 s and 5er #ifieir deposition. The blue stars on the
Figure 60 present th@ that was measured instantly (with the camerayj dftgp deposition,
where the values corresponded to around 40-45°.dhamism of the surface could be
explained by specific properties of PNIPAM polym&he NIPAM monomer is composed
of hydrophobic part (carbon backbone and dimethguigs) and hydrophilic amid part. For
this reason, dried grafted samples probably exfiese hydrophobic parts towards the air,
because the air is considered to be hydrophobi¢gumettompared to water). When these
chains come in contact with water, the structugalnangements 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 frdelstdating 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 mHnd
apolar 13.6 mJ/f The® used for the calculation of surface energy was0at We have
taken into account rather this contact angle thanone measured instantly due to the fact
that these samples will be used in aqueous meaiufarther applications and are therefore
of our prime interest.

PNIPAM is a very well known thermosensitive polymath the lower critical solution
temperature (LCST) temperature between hydroplitid hydrophobic state at around
32°C [105]. At room temperature the WCA values rggub by several authors varied
between 40° and 65°. The extent of transition abitne LCST temperature depends
strongly on grafting conditions and the size ofypoér chains. For example it is possible
that there is no transition or extremely weak titzors 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 the® of 90° were reported,
corresponding to the water contact angle valuepofaa 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 lsmalar mass of PNIPAM molecule
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(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 pay backbone or side chain functional
groups or finally the water spreading over the azef(dilution of hydrophilic chains) is
energetically more favourable than the temperaindtced hydrophobic transition.
Namely the spreading of the water drop on modifieldstrates occurred even at elevated
temperatures as high as 60°C.

The change of water contact angle on PNIPAM graf@mahple with time is shown in
Figure 61. It can be seen that there is a rapig 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 obdejon 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 dudrfe= 75 W and flow 30 sccm while

the time of treatment varied between 0 and 18Ms.sSblution concentration was fixed at
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 witiFPAM at different plasma activation
times.

Method/ Fowkes Owens- Wendt
Time He (S) Y (MInf)  yI(mInf) yP(MInf)  yo(MIinf) v (MI/nd)
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 2.4
30 69.4 17.9 51.5 110.0 2.4
60 69.8 17.8 52.0 109.5 2.4
180 72.1 19.1 52.9 110.0 1.2

180* 53.8 22.3 31.6 60.3 0.1
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The total surface energy of samples increased 848 mJ/m up to 72.1 mJ/mdue
to the incorporation of polar functional groups wrihe surface. The surface energy
parameters marked by asterix (*) at 180 s corredpoinhe® measured instantly after the
deposition, before the substrate had opportunistdbilize.

It can be seen that even a very short plasma &otivéime of 10 s enables high
grafting yield of PNIPAM. Contrary, without plasnme-treatment there is a very low
incorporation of PNIPAM molecules and the total rgryeis similar to the one of virgin
PP. The distinction between dispersive and polarpmment however showed that there
were some changes that happened on the surfacesanteinformation is obtained from
the Owens-Wendt method where the basic componergased from 0.0 mJfo 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 tieeee considerable increase of basic
component. This is in a good correlation with thIFFAM 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 helilasnma just for 10 s and the ones
activated for 180 s, even though that their suréagy varied substantially.

3.2.2.1.2Grafting of MIX |

MIX 1 is standing for the mixed solution of Poly {opropylacrylamide) (PNIPAM)
polymer and cetyltrimethylammonium bromide (CTABurfactant. Preparation of
solutions is explained in experimental section.@.&nd their molar ratios are indicated
before each experiment. The mixture of polymer andactant was done in order to
obtain surfaces with desired functional propertas)cerning functional groups, charge
and topography. The choice of CTAB was made duinéofact that recombinant prion
protein possesses very high isoelectric point (dxand 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 aiymer and surfactant concentration on the
surface energy parameters was evaluated. The sasmgee activated by He plasma
(P= 75 W, flow= 30 sccm and t= 1 min) and immedyaienmersed into solutions at
various concentration ratios between polymer andastant. Either concentration of
PNIPAM (C,) was fixed at 0.5 g/L and concentration of CTAB:)(@as changed
between 0.1 and 2 mM or the concentration of CTA&s wixed at 1 mM and the
concentration of PNIPAM changed between 0.02 agd_2The preparation of solutions
is described in the experimental part. The surfeme energy components determined by
contact angle measurements are gathered in Table 11

The results are showing that there is no or veliseffect 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 iwamersed into pure surfactant solution,
resulting in a total surface energy 62.3 nfith 21.1 mJ/mbelonging to dispersive part
and 41.2 mJ/fmto the polar component. The CTAB discloses higheolar properties
towards PNIPAM, which is in a good agreement witkirtchemical composition.
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Table 11:Surface energy of PP films grafted with MIX | afffdrent molar ratios of
polymer and surfactant; wheregpav=Cp (9/L) and Grag= Cc (MM).

Method/ Fowks Owens- Wendt

Solution; Yo (MIP)  yd(mInf)  yP (M) s (mInf) oy (mIinf)
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 65.4 155 49.9 50.5 2.5
C~=1.0 Cc=0.02 66.7 18.8 47.4 53.5 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 2.4

On the other hand it can be clearly seen that daitien of surfactant to the polymer
solution vigorously influences the surface basicponent {;, Figure 62). The basic
character of CTAB (40.3 mJfnis 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
surface basic component. The drop is most pronecuncél the addition of 0.2 mM of
CTAB and keeps decreasing less radically afterdbiscentration (Figure 62.a). When the
surfactant solution is kept at 1 mM and PNIPAM tded theys increases since the
PNIPAM concentration of 0.01 g/L and starts to #itabat c= 0.5 g/L. MIX | has g value
between pure polymer and surfactant, 61.5 mJdfidicating 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 cterac
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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.

3.2.2.1.2.2 Influence of plasma treatment time on MIX | gragtin

The influence of plasma treatment time on MIX Ifgr was done at different plasma
activation times, between 0 s and 180 s, where Wl@as equal to 30 sccm and the power
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of discharge 75 W. The concentration of PNIPAM #olu 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 withKM at different plasma activation
times.

Method/ Fowkes Owens- Wendt
Time He (s) Yiot (MI/NTF) 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 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. Theaosurface energy of the untreated sample
increased from 34.8 mJfrap to 69.7 mJ/fmfor treated samples respectively. Surfaces that
were not activated by He plasma and immersed inb§ Msolution show a very low
grafting density. The polar component increasetifprs2.5 mJ/m, apolar decreased for 6.2
mJ/nf andbasic component for 4.32 mJiriThe basic component of treated surfaces was on
average around 65 mJnfror all treatment times the contact angle measemé results did
not indicate any special differences between th#tegt surfaces.

3.2.2.1.3Grafting of MIX Il

MIX 1l is standing for the mixed solution of poly¢Sopropylacrylamide) (PNIPAM)
polymer and polyoxyethylene (20) sorbitan monolsr@ommercially also known as
Tween 26) surfactant. Details on solution preparation asctibed in experimental part.
As mentioned before for MIX I, the mixture was daneorder to obtain surfaces with
desired functional groups, charge and topograpiyeeh 26 was chosen because the
non-fouling surfaces are known to often possestraguolar 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 concerdrabf 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 immergao solutions with different
concentration ratios between PNIPAM and Tweefl. Zthe 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®6A and 2 g/L. The surface free
energy components determined by contact angle mexasats are gathered in Table 13.

The total surface energy.f between the samples did not change substantially,
approximately up to 7 mJfnbetween samples. The pure surfactant has a peagyey=
41.3 mJ/m and the pure polymer’= 58.5 mJ/mM whereas their mixture has a values in
between the two, averagely around 45.0 rJitherefore the addition of Tween®t the
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PNIPAM solution gives rise to the dispersive congrang.), while the polar component
(v&) and basic character of the surface decreased@twease of polarity with surfactant
incorporation is due to the long hydrocarbon chanwtsle in the PNIPAM backbone each
monomer possesses a polar amid group. These diameibg 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 amurat 40-50, 20-30 and 16-18
respectively.

Table 13:Surface energy of PP films grafted with MIX Il affdrent molar ratios of
polymer and surfactant; wheregpav=Cp (9/L) and Guee2= Wt (%0).

Method/ Fowkes Owens- Wendt

Solution; Yiot (MI/1F) v (MI/nf) & (mJ/nf) vs (MJ/nf) ¥s' (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 43.5 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 43.5 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

Figure 63.a presents the influence of surfactawlitiath to 0.5g/L PNIPAM polymer
solution on surface basicity. The basic charactd?MIPAM substrates is progressively
decreased by addition of Tween®2@rom 109.5 mJ/fcorresponding to PNIPAM down
to 54.4 mJ/mwhen 0.10% of surfactant is added. This valueuitecclose to thes of
Tween 26, 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 tiiase.

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
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basic value between pure polymer and surfactamtinak 70 mJ/ indicating the
presence of both components on the surface. Ibwbestudies, values of surface energy
obtained in the case of surfactant addition to p@llyare coherent and stable. Contrary to
this, when PNIPAM was added to surfactant solutios 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 Il gnadti

The substrates were activated by helium plasma=at®W and flow 30 sccm and the
time of treatment varied between 0 and 180 s. Tdreentration of PNIPAM solution
was fixed at 0.5 g/L and concentration of Tweef! 9 0.05%. The immersion of the
activated substrates was done for 5 h.

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

Method/ Fowkes Owens- Wendt
Time He (s) Yot (m\]/nf) 'st (m\]/nf) s (mJ/'T?) Ys (mJ/n?) Vs (mJ/n?)
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 23.4 43.5 73.9 0.0

The results are presented in Table 14. AnalogoldNBAM and MIX | grafting, the
time does not seem to affect much the extent @l tmirface energy or its basic-acid
properties. When the surface was not activateddifference became important. The
grafting is inhibited and there is almost no défgce in surface energy components between
the virgin PP sample and the virgin PP sample imatkrinto MIX Il solution. This
information is indicating that there is an extreynielw grafting yield without plasma pre-
treatment and that activation is necessary in dalebtain successful grafting of polymer-
surfactant complex on our substrates.

3.2.2.1.4Ageing of grafted samples

The ageing of PNIPAM, MIX | and MIX Il grafted sahgs 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 mo-application reasons. All samples

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

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

c) MIX 1l solution at Gnipav= 0.5 g/L and Wyeen2&= 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 grad#id samples under air in the period of two
months.

3.2.3 Characterisation of the chemical composition of griied surfaces

The surface chemistry of polypropylene plates grhfith PNIPAM, MIX | and MIX I
was examined by XPS analyses. The extent of polyame{/or polymer containing
surfactant solutions was followed as a functiorhelium plasma treatment time, which
was varied between Os and 180 s. The activationdeae at discharge power 75 W and
gas flow 30 sccm. The treated supports were atsonatively washed with buffer (PBS)
solution and water in order to ensure that thetggddbyers were stable.

3.2.3.1Grafting of PNIPAM

PNIPAM solutions for XPS study of grafted supponstgere prepared at the
concentration of 0.5 g/L. The immersion time ofgolea activated PP substrates in these
solutions was fixed to 2 h. The information abduw¢ surface chemistry was obtained
from the XPS high resolution C 1s and N 1s scagufféis 65.a and 65.b respectively).
Relative concentrations of different functional gps on the surface of the samples are
gathered in Table 15.

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 functiogeoups. The amount of C-C/C-H
bonds decreased from 97.2% down to 70.5 % for dahgpkes 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 malkss, the C 1s peak should posses
66.7% of C1 peak and 16.7% of C2 and C3 peaks,riuthdecondition that they belong
strictly to the N-C and C=0 bond respectively. N&wgess it is hard to distinguish and
decompose the C2 peak, C-N and C-O bonds, bedaisbinding energies are too close at
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.
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Figure 65: High resolution a) C 1s and b) N 1s spaaf PNIPAM grafted on helium activated PP
plates (P= 75 W, flow= 30 sccm and t= 3 migyike 2 h and c= 0.5 g/L).

The results in Table 15 suggest that there is atgtdference of functional group
distribution between the samples as a functionlagmpa activation time, adversely to the
surface energy measurements. Higher plasma treatinegs lead to lower the relative
amount of C2 peak and increase the C3 peak compdskaible 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 lomgptre-treatment time was, but their
chemical nature is different. Absence of pre-iraéidn gives coherent results with contact
angle measurements, indicating that the graftietdyof polymer was extremely low. The
results are showing that there was the highestrpacation of PNIPAM chains on
surfaces that were pre-treated with plasma for 8@ s, where th&® on activated
samples was immeasurably low. The difference betwteIPAM treated samples with
and without washing in buffer solution (Table 1&nmgples 180 s* and 180 s respectively)
is insignificant, indicating the strong covalerntaahment of grafted layers.

Table 15: Decomposition of C 1s peaks of untrearadl PNIPAM-grafted samples with
assigned functional groups and their relative cotragions 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 XC1+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 5.5 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 Grag= 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@asderived from high resolution C
1s spectra is gathered in Table 16. The C 1s athd Ngh resolution peaks of PNIPAM,

CTAB and MIX | grafted after 180 s of helium predatment are presented in Figures 65,
66 and 67 respectively.
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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 migik= 5 h and Grag= 1 mM).

Figure 66.a is showing a high resolution spectr@TAB with two peaks, a major one
(C1) at 285.0 eV ascribed to C-C/C-H functionalup® and a smaller one at 286.4 eV
corresponding to C-N/C-O functionalities. The N2lpat 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.

MIX | (Figure 67) spectrum corresponds to both wilial 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 PNIPM&vertheless, the relative amount of
C=0/N-C=0 functional groups was smaller in commarigvith a pure PNIPAM polymer.
Moreover the N 1s peak of MIX | is composed of tsub-peaks N1 at 399.1 eV and N2 at
402.5 eV, belonging to amid group of PNIPAM andieay 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.

Table 16: Decomposition of C 1s peaks of untreated MIX | grafted samples with
assigned functional groups and their relative cotreéions at different He plasma-
activation times. The * stands for the sample weshi¢h buffer solution.

Component C1l (%) C2 (%) C3 (%) C2+C3/
Energy (eV) 285.0eV 286.4eV 287.7eV XC1+C2+C3
Possible C-C/IC-H C-O/C-N C=0/

assignment N-C=0

PP 97,2 2,8 / 2.80 %
MIX10s 92.7 7.3 / 7.30 %
MIX 110 s 77.2 14.5 8.3 22.8%
MIX 160 s 75.6 15.7 8.6 24.3 %
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 %

The results in Table 16 are showing various thifst the untreated polypropylene
plate immersed into polymer/surfactant solutionileid 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 tkgtment time and C3 increasing,
there is an augmentation of both (C2 and C3) pealkX | grafted samples, corresponding
to the C-O/C-N and N-C=0/C=0 functional groups essfvely. The results are confirming
the presence of both components (PNIPAM and CTABjhe surface. Consistently with
PNIPAM results, there were no denoting changesrebdeon the MIX | treated surface
after washing them in buffer solution.
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3.2.3.3Grafting of MIX Il

MIX 1l solutions for XPS analyses were prepared taé Gnpav= 0.5 g/L and
Wrween2&= 0.05%. The immersion of plasma activated PP saflestin 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 informatioouaithe 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 respebi

C1s

el
S
b O\/};Qj\/ NN
a | (O ,[50/\7\;0}*
GC) 10\6/\0;:—2\0/\);0%!
=

. c3 |

C4v><f :
-,__M/H_H_—_ o X
e ;
296 292 280

Binding Energy (eV)

Figure 68: High resolution C 1s spectrum of Twékgeafted on helium activated PP plates (P=

75 W, flow= 30 sccm and t= 3 minshing= 5 h and Wiyeenzg= 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 migpik= 5 h; Wryeenze= 0.05% and &xipan=0.59/L).
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The C 1s peak of Tween 2@ showing a markedly high C2 peak, which corresiso
to the single C-O bonds. Looking at the chemicainida of Tween 2® (Figure 68), it
can be seen that the big polar head is composad &darge number of ether bonds.
There is also a C3 peak observed at 287.7 eV obldoG=0 bonds and additional
component was identified; C4 at 289.0 eV ascrilme@®OR bonds (Figure 68). After the
addition of PNIPAM to surfactant the C 1s spectranges quite substantially and there is
an appearance of N 1s peak that is not observeteifiween 2B surfactant (Figure 69).
Furthermore the decrease of the C2 and C4 compoaedtincrease C1 and C3 are also
observed. These results confirm the presence of WNMIPAM and Tween 20
componentsn the surface.

The grafting of MIX Il without the plasma activatiplead to practically same functional
groups and concentrations as found on the untrgatigdropylene. The relative amount of
C2 peak grows with the plasma activation time. fidative increase of C2 peak at 180 s is
23% in comparison to the non-activated sample. ifes 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 @f.Ppresents an evidence of high
surfactant incorporation on the surface. The samag@shing in buffer solution brought
unessential changes in the surface compositionfireomg strong chemical bonding
between the substrate and grafted molecules.

Table 17: Decomposition of C 1s peaks of untreated MIX Il grafted samples with
assigned functional groups and their relative cotragions 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 XC1+C2+C3+C4
Possible C-C/IC-H C-O/C-N C=0/ COOH/
assignment N-C=0 COOR
PP* 97,23 2,77 /

MIX 11 0s 96.6 3.4 / / 3.40 %
MIX 1110 s 71.7 19.3 7.5 15 28.3%
MIX 11 60 s 69.0 24.5 4.2 2.3 31.0%
MIX 11180 s 64.9 26.5 6.4 2.15 35.1%

MIX 11 180 s* 64.8 24.3 7.2 3.7 35.2%
PNIPAM 180 s 70.5 14.6 14.8 / 29.4 %
TWEEN 20180s 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 investigatedliiferent 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 pldsmeither 1 min or 3 min. The
second set of samples were the substrates gratadPMIPAM, MIX | and MIX Il as
well after 1 min of helium plasma-activation or 3nnof activation. The zeta potential
measurements were made in the period of few dalgs afirface activation and/or
grafting (Figure 70).

The untreated PP sample has typleadH 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 ukyavidence for acidic functional
groups on the surface and was observed for alietlesurfaces. As we know our surfaces
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possess basic character and there is strongerpsidsoof anions in neutral electrolytes,
we will rather consider the potential relatively @mg 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 cdnéagle measurements and XPS
results. The two pH chosen are the ones we are imesésted in for a further study of
biological samples.
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Figure 70: Zeta potential measurements on heliasmpa 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 shpitama 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 blaaracter after prolonged treatment time,
coherently with increased O/C ratio. MIX | is thaly sample that reached a plateau,
suggesting that the surface contained acid or Wasictional groups were completely
dissociated. Indeed, MIX 1 is the only sample tbatains a surface charge from CTAB;
(C16H39N"(CHz)sBr .

Table 18: Surface parameters (zeta potential, bEsegy and N/C ratio) of virgin PP
sample and He plasma-activated samples for one taree minutes grafted with
PNIPAM, MIX | and MIX II.

Treatment  §mV); pH=7.4 {(mV); pH=9.6  v.°(MI/m?) 7. (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'T1 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 1l 3 min -36.6 -42.3 73.9 1.0 0.042

If the three methods are compared, PNIPAM exhihitsst basic character by all
methods. Because of the greater electro-negatwityoxygen, 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 toascH-bond acceptors. The N/C XPS
ratio was chosen because of the basic charactamofo groups. The basic character



Results and discussion: Surface modification aradyaes 92

information provided by contact angle and zeta midé analyses suggest that MIX 11 is
more basic than MIX |, while the XPS measuremewistpout the contrary. The higher
N/C ratio of MIX | does not take into account thia¢ nitrogen groups of MIX Il contain
free electrons adversely to positively chargedogign of CTAB. For MIX |l the zeta
potential measurements suggest more basic chawftéer3 min of pre-treatment while
the contact angle measurements propose the opposite

The two methods are often not completely in agregnhbecause the acid-base properties
measured by zeta potential are due to the dissmtiaf functional groups according to
Bragnsted theory, whereas the contact angle apprdetmines electron donor/acceptor
according to Lewis. Another difference betweenrttethods 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.

3.2.5 Characterisation of the surface morphology

The morphology of polypropylene samples graftedPbifPAM, 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 aadrebated PP sample grafted with
PNIPAM are presented in figures 71.a and 71.b ws@dy. Plasma activation was
performed at P= 75 W, flow= 30 sccm and time oftireent 3 min. The PNIPAM
solution for grafting was preparad the c= 0.5 g/L. The helium activated sample gtss
smooth surface with the average surface roughn&ss03l nm, where the roughness was
measured without a dust particle that can be seéreileft corner (Figure 71.a). After the
PNIPAM grafting we obtained even smoother surfaté the 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 homogesgmlymer layer, that covered the
stripes present on either untreated or plasmaettesuirfaces, arising from the polymer
production.
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Figure 71: AFM images of a) He treated PP suppuitla He treated PP support grafted with
PNIPAM.
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3.2.5.2Surface morphology of MIX |

The surface morphology measurement of MIX | graadhples was composed of two
parts. In the first part the study of MIX | graity was performed at two different plasma
activation times, 10 s and 60 s, at fixed mixingoreCpnipav= 0.5 g/L and Grag= 1 mM.
For the reference pure CTAB (C= 1 mM) without addqedymer was grafted on a
substrate after 60 s of activation time. The AFiMages over an area of ifh x 10um
are shown in Figures 72-74.
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Figure 72: a) 2D and b) 3D AFM images of MIX | owtre area 1Qum x 10 um grafted at
tue=10s. Sa=3.1+ 0.1 nm.
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Figure 73: a) 2D and b) 3D AFM images of MIX | owbe area 1@m x 10um grafted
attye=60s. Sa= 6.4 +£0.1 nm.
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Figure 74: a) 2D and b) 3D AFM images of CTAB otle area 1@um x 10um grafted ati.= 60
s; Sa=2.9+0.1 nm.
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Figures 72 and 73 are showing the difference ifasarmorphology between the sample
that was activated with helium plasma for 10 s #aedone that was activated for 60rae
surface treated for a short time exhibits hair kkeead features all over the surface, with
heights between 6 nm and 8 nm. There are as wmalk 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 wagtaeable difference observed (Figure
73). It seems that the increase of surface enexgyetl 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. Thereforeawgpresume that the aggregation started,
just the surface energy was not important enougeach final conditions. The structures on
the surface are micelles formed between the sarfaand 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 suigiat 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 surfactatoncentrations: CAC,
CAC<Cx<CMC, G~CMC, G> CMC. The detailed description of solutions isalé®d in
experimental part. The concentrations were caledldtom the Isothermal calorimetric
investigations published by other authors. Fig&réspresenting the height images obtained
by AFM measurements for the samples prepared farelit concentration of surfactant to
polymer ratio.

The grain like structures started appearing onsilidace when the concentration of
surfactant was approximately at the critical aggtieg concentration, Figure 75.a. The
average surface roughness over therbx 5um was 3.6 = 0.1 nm. It can be seen through
roughness analyses that the surface roughnesssedrén comparison to the PNIPAM or
CTAB sample. The micelles on the surface have dianbetween 100 and 200 nm and their
height varies between 6 and 11 nm. This heightushrower than the one observed for
higher concentrations of surfactants (around 25.rWihen the concentration further
increased very regular and dense structures aphedtk a diameters around 80 nm (Figure
75.b). The peak heights increased to 15-25 nm laer@fore the average surface roughness
increased t0 6.9 £ 0.1 nm.

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

For mixtures of ionic surfactants and non-ionic ypmérs the scattering techniques
revealed that the structures of these complexesuafactant aggregates formed around the
polymer chain polymer and are often described asKlace models”. These aggregates are
typically smaller than the micelles of pure surdattin agqueous solution. The theoretical
size of CTAB is around 2.2 nm at it forms miceNeish aggregation number between 75
and 120. Therefore we can say that the featuresnagds by AFM imaging with small
diameters between 50 and 100 nm belong to the mixeglles, whereas for bigger micelles
we can say that the aggregation of surfactant axasifable.
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Figure 75: AFM images of MIX grafted samples at@&)-CAC, b) CAC<G<CMC,
c) G~CMC and G> CMC.

The polymer bound surfactant aggregates start nm f@n 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 calorimetricna@iat 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/witierface. 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 micellesrthpolymer-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 thagllagckeep their shape even after grafting
from the solution, providing that the surface egeagpd amount of free radicals on the

surface are just right.
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3.2.5.3Surface morphology of MIX Il

The surface morphology measurements of MIX 1l g@famples as a function of plasma
activation time, 10 s and 180 s, are shown overfase area 1Qm x 10um in Figures
76 and 77 respectively. The immersion solution wanepared at gpav= 0.5 g/L and
Wrween2e= 0.05%, where immersion time was 5 h.
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Figure 76: a) 2D and b) 3D AFM images of MIX Il ouhe area 10 x 10m grafted at 4=10s
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Figure 77: a) 2D and b) 3D AFM images of MIX Il awtbe area 10 x 10m grafted atf= 180 s
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Figure 78: a) 2D and b) 3D AFM images of Tween 28rdhe area 10 x 1im grafted atd.=
180 s



Results and discussion: Surface modification aradyaes 97

Figures 76 and 77 are showing the difference ifasamrmorphology between the grafted
sample that was activated with He plasma for 10dsthe one that was activated for 180 s.
The short time activation leads to much lower extdraggregate formation comparing to
the sample that was pre-treated for 180 s (FiglyeThe 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 betd@em and 200 nm.

The increase of plasma activation time leads toease of surface roughness and
formation of regular structures. The height of peaks 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 pmeen 28 surfactant grafted on the
surface after 180 s of plasma activation. A thioll 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 sudat 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<Cx<CMC, G~CMC, C> CMC. The detailed description of solutions isatdsed
in experimental part.
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Figure 79: AFM images of MIX Il grafted samplesadiC;~CAC, b) CAC<G<CMC,
c) G~CMC and G> CMC
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As non-ionic surfactants like Tween®0ery weakly interact with PNIPAM we could
not find the CAC values for the two components. iftteraction of non-ionic surfactants
and non-ionic polymers can be induced by incorpagatydrophobic moieties in order to
strengthen the hydrophobic interaction between themerefore we have presumed as if
PNIPAM was hydrophobically modified by slightly imasing the temperature of
solution to 28°C and calculated the approximatesat

Figure 79 is presenting the height images obtaimgd\FM measurements for the
samples prepared at different surfactant to polymaéins. 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 betwéenGAC and CMC. At very low
concentration of surfactant, Figure 79.a, continpel/gonal network structures were
obtained with the height around 2 nm. The surfggeears 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 fFigure 79.b). Average surface
roughness on the area ofuytn x 5um is 8.2 + 0.1 nm. Figures 79.c and 79.d show
appearance of big irregular plaques on the suidaetevated concentration of surfactant.
These features could be probably prescribed twitwesity of Tween 28

The addition of surfactant to polymer solution lisagys an exothermic process. Binding
of surfactant to polymers will strongly depend dreit molecular properties and are
characteristic for each polymer surfactant mixtlrean be confirmed that morphological
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.

3.2.6 Conclusions

The surface energy measurements obtained by cangtd analyses did not show much
influence on the surface characteristics of grafathples with plasma pre- treatment
time, even though the surface energy before théimgavaried between the samples.
Contrary to this, the XPS analyses and AFM imagshgwed that there was a great
difference between the supports. This was explaimethe fact that the grafting at all
conditions introduced the polar functional groupstee surface, but their chemical nature
was different. On the other hand if samples wereautivated by plasma the yield of
grafting was very low. The introduction of smallncentration of surfactants to polymer
solution rapidly and markedly changed (decreadeel)otasic character of pure polymer.
This was observed by both, contact angle and zgtnpal analyses. The basic character
of the samples falls in the following order: PNIPANWIX 11> MIX I, coherently with
their molecular characteristics. The formation aho-structured features on the grafted
surfaces is strongly dependant on the plasma deaisitcs and as well the molar ratios
used between the surfactant and the polymer. Tirerethis technique presents a
relatively simple method to control the surfacerakteristics (functional groups, surface
charge, acid- base character and topography) fdous applications, however fine
tuning of conditions needs to be performed. Treséaces display high stability under
atmosphere conditions in the period of at leastrvemths.
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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 subsshntherefore the interest is to preserve
these proteins in the solution, especially the lasidkars found in the cerebrospinal fluid

(CSF), that are used as an aid in diagnostics nbws neurodegenerative diseases like
Creutzfeldt—Jakob, Parkinson and Alzheimer disease.

The goal of the study presented in this chapter teasdetermine the surface
characteristics, regarding surface energy compsnémctionalities 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 @malyzed by classical ELISA (Enzyme-
linked immunosorbent assagjotocols, optimized for each protein. These testvided
information about the amount of adsorbed and/arwered proteins from different tubes. In
order to access to some additional details on togeip 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 faidwy the study of the plasma grafting
parameters and polymer to surfactant ratio on pratésorption, taking in mind that these
factors markedly influence the surface propertsdunt of functionalities, roughness and
nano-topography) and therefore very likely theteractions 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 tubesentreated either with Glplasma or
pre-treated with helium plasma and grafted with AN, MIX | or MIX Il. The CFK,
plasma treatment was performed at conditions wttexesurface energy had the lowest
value (P= 50 W= 40 sccm and t= 7 min; Chapter 3.1). At these itmmd the F/C ratio
reached 1.00 and the water contact angle 132°.

The other lot of Eppendorf tubes was activated éyum plasma (P= 70 Wp= 30
sccm) for 60 s when MIX | was grafted and for 18@rsen immersion was done in the
PNIPAM or MIX Il solutions. The PNIPAM solution wgwepared at c= 0.5 g/L (N/C=
0.10,0= 10°), MIX | at enipav= 0.5 g/L and gras= 1 mM in 1:1 volume ratio (N/C=
0.06,0= 23°) and MIX Il 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 h KX | and MIX 1.
Afterwards Eppendorf tubes were emptied, washet distilled water and dried under
laminar flow at ambient temperature.

| have performed the biological analyses undeardr of European project Neuroscreen
in three different laboratories: ULG (Centre de ligche sur les Protéines Prion, Université
de Liege), CHUL (Hospices Civils de Lyon) and L-URlancaster University). Each
laboratory is specialized for certain type of dés=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@syn that was stored for longer time) were put
into untreated and treated Eppendorf tubes anddstor 24 h at 4°C. At the same time a
reference sample was made, where protein was stotgdreated 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 bellreferred to asassec)Sample, which
will correspond to 100% of the protein recoveryeTihdex 15 stands for 15 minutes needed
from the time the sample is unfrozen and analygdtér 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.

4.1.1 Evaluation of the non-fouling properties of treatedsupports by
direct and “sandwich” ELISA tests during the storage of
recombinant proteins: PrPreG,m, Taue.and 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 ofufjy/mL. The
tubes were stored at 4°C for 24 h, while one utdécetube was put to -80 °@i£sooc) for

24 h. After this time proteins were taken from thbes and deposited on the strips pre-
coated with capture antibodies and analysed wiimdsich” ELISA test. Alongside the
ELISA tests were performed directly on the Eppehdaoes. The results of direct and
“sandwich” ELISA tests are presented in Figure 88e 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
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towards the sample stored at -80%s(sooc), 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 colowpg).
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Figure 80: Optical density measurements of dinext)(and “sandwich” (yellow) ELISA test on
PrPregum stored for 24h at 4°Ct6s0c) is sample stored in PP frozen at -80°C for 24 h.

The average measurements obtained by several emqres 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 #ewf 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 mot@n was adsorbed and on another
hand just 30 % of the protein was detected in #@meaining solution. The hydrophobic
surfaces are known to cause irreversible adsormfooroteins 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 miayer is enabling the formation of the
second layer resulting in a high loss of proteiwsnf the solution. The growth of third
layer on the other hand is normally prevented authé low affinity of proteins among
themselves. Nevertheless, the formation of thickegin layer can cause the burring of the
recognition sites of the protein to the bulk andaaonsequence they can not be accessed
and recognized by the antibodies, leading to theefaegative signal of protein presence
on the tubes. Therefore the 70% of the protein west not detected was most probably
adsorbed on the tubes and not identified due tocabmve mentioned reasons. Another
reason next to the hydrophobicity could be the gmres of small quantities of aluminium
on the walls of Eppendorf tubes, as the proteisaher 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 indicatatt55% of the protein was adsorbed to
the tubes, while the “sandwich” ELISA test is shogvihat there was 60% of the protein
recovered from the solution. We need to realise ttiea data about the protein recovered
from the supernatant are exact and the differennees from the proteins adsorbed on the
Eppendorf tube. If we look at the scheme of diEFIdISA test (Chapter 2.4) we see that it
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is composed of several steps: first the proteico@ted in the tubes, than the surface is
blocked with BSA (in the case of PrPggg, afterwards the detection antibody coupled
with HRP is added. Finally TMB is added that reasth HRP which gives colourful
reaction indicating the presence of the proteirthensurface. Presuming that the surface
was not blocked well with BSA, the parasite intéicats 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 properieBNIPAM towards BSA below the
LCST have been reported by several authors [193].tlis reason we have performed
XPS analyses on the treated surfaces exposed to $88Aion, in order to affirm or
invalidate their interaction. Indeed the resultsveéd that there was no adhesion of BSA
observed on PNIPAM grafted plates and will be pmessd more in detail in Chapter 4.2.1.
Anyhow, the recovery of protein from PNIPAM treattwbes remains close to the
untreated tubes, which is not adequate from thécapion aspect.

Similarly to PNIPAM, relatively high adsorption ¢amd 40%) of PrPrgg, was
observed on the MIX |l treated surface as well. édely 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 MIkeated tubes compared to the untreated
PP tubes at the same storage conditions. Thedesrasiattesting to a high improvement in
performance of Eppendorf tubes, under the condittmat an appropriate treatment is
applied.

All the results presented are the outcome of seexperiments that were performed
during the three years of experiments. This mehat the proteins were provided from
different sources and that the tubes were preper@ependently for each experiment,
leading to repetitive statistical results.

The results of Tau storage are presented in Figure 81. Protein viatediin PBS buffer
solution to the c= 100 pg/mL and stored for 24 H°&. After 24 h the supernatant from
these tubes was examined by “sandwich” ELISA tegténg us just the results about the
amount of recovered protein from the solution.
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Figure 81: Optical density measurements of “sandWid_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 foadon the study of the supernatant and
on the other hand as tesise extremely expensive just the “sandwich” ELISAused
because it gives much more accurate results ambise sensitive than direct ELISA test.
One more point needs to be mentioned; for thisraxgat we did not have a frozen sample
at -80°C fisesec), therefore we can not quantify the amount of Hus® protein.
Nevertheless, we can compare the values obtainee@ated tubes towards the untreated PP
sample, which will give us the relative value howain more of the protein was recovered
from the treated tubes than from the untreated. tiibethis reason the percentages are not
put in the columns, but the relative improvementiigten above them(ep).

For the fluorinated Eppendorf tubes, as before]dke of protein is high. On the other
hand there are around 2.5 times more proteinsréinadined in the solution comparing to
untreated PP tubes for all hydrophilically modifieginples. It seems that the Eaprotein
is rather unselective towards the PNIPAM, MIX IMEX Il treatments.

The storage results of monomeric recombinasyn over 1 month period are shown in
Figure 82. The storage in the untreated tube ezbuft approximately 65% loss of protein,
similarly to MIX | and CRtreatments. On the other hand PNIPAM treated Eppétabes
preserved relatively high amount efsyn (85%) even after storage of 1 month. In other
words, we detect 2.4 times more protein when stor&NIPAM compared to the virgin PP
tube. Unfortunately the results of storage on Mbare not available. There were several
experiments performed on monomeric recombinantaaghuclein in ULG and CHUL
laboratories, however due to its high aggregati@pgrties we could not attain repetitive
results. At this attempt we have tried differenbtpm 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 fa tbason the detection is usually done
with the precipitated oligomeric form.
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Figure 82: Optical density measurements of “sankivilISA 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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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, Tauy and Ap-42

In the next part of experiments the cerebrospihedl {(CSF) of a patient was stored for
24 h at 4°C. The CSF itself contains approximaded®o of various plasma proteins, or 15
to 40 mg/dL. From this fluid the recovery of neuegenerative agents was monitored by
“sandwich” ELISA protocols. The protocols are dédsed in detail in experimental part.

The optical density measurements of PrPc in CSFRafdeg,, spiked in CSF are
shown in Figure 83. By spiked we mean that themdgpant prion protein was added in
the c= 50 ng/mL to the CSF of a patient. The biacsdstudies [198] have shown that
the level of total prion protein in CSF of humarffeeted 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 thge varound 40% when stored in
untreated Eppendorf tube for 24 h. On the othedtha recovery results of prion protein
storage in PNIPAM treated tubes is much highery@alo35% of the protein remained in
the solution. Even better results are obtained G@F stored in MIX 1l modified
Eppendorf tubes, there was no lost of PrPc obse@edhparing to the untreated PP
tubes, there was around 1.6 times more of the iprgreserved with MIX Il treated
tubes.
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Figure 83: Storage of CSF (yellow) and CSF spiké 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 preserttingstorage results of CSF spiked with
PrPregum Whether the PrPrgg, was stored in a single buffer solution or in thatnm
(CSF), there was a high adsorption of recombinanhprotein observed on the PNIPAM
and MIX 1l and extremely low on MIX | treated Eppkmf tubes. This is indicating a strong
affinity of the recombinant form of prion proteioviards the PNIPAM and MIX 1l and low
affinity towards MIX I, which is completely oppositis observed for PrPc.
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Figure 84 is showing ELISA “sandwich” results ftretstorage 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 presehei€SF and are often
used for the diagnostics of Alzheimer's diseaseéQ]1®atients that have developed the
disease posses higher amount of total Tau and pbodated Tau in their CSF, while the
amount of 8-42 peptide decreases.
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1.5+

Relative concentration

CF4 PNIPAM MIX | MIX 1 T15(.80°C)
Treatment

Figure 84: Storage of CSF in different Eppendadbketufor 24h at 4°C; recovery of Tau total (red),
TauPHF (green) andfAd2 (yellow).

The quantity of total Tau protein in CSF decredsedround 20% in untreated and CF
treated tubes, while the protein concentration neeth practically unchanged for all
hydrophilically treated surfaces. Similar resulereobtained for recombinant Tau protein.

The hyperphosphorylated Tau and amylojgt42 have comparative tendencies towards
the supports. There was no visible adsorptionrgbdefor the two proteins on PNIPAM
and MIX Il treated Eppendorf tubes. In comparisathwhe untreated tubes, a remarkable
increase of detected TauPHF protein (x2.6) isregthi Furthermore the amount of-A2
peptide is 1.6 times higher when CSF was storé@NHPAM and MIX I, 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 jpmafeat 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 Tast 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 toelsctric point and HP/HB to
hydrophilic or hydrophobic character respectively.
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Table 19: Table of basic surface properties (serfagergy components, zeta potential
and XPS measurements) of untreated and treatedesamp

PP virgin PNIPAM MIX | MIX I
Yiot (MI/NT) 34.8 72.1 67.5 66.8
v (mJ/nf) 34.7 19.1 16.6 23.4
v (mJ/nf) 0.1 52.9 50.9 43.5
y** (mJ/nf) 0 110.0 61.5 73.9

¢ (pH=7.4) (mV) -36.4 -35.0 -51.9 -36.6

oIC 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 RB8 CSF relatively to the fresh sample
and basic properties of studied proteins; astéjixn@rks the relative recovery of Tayu
in PBS towards the untreated Eppendorf tube atahfs 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 % 7009 95-100|% /,5-8, 1
Taue 80 % 95 % 100 % 95 % 111
Tau PHF 40 % 100 % 55 % 100 % /,5.5-6.5,/
Ap-42 60 % 100 % 85 % 100 % 42,5.5,HB

The PrPregm has an extremely good recovery when stored in Mikeated tubes.
The first statement that can be made is that thtaca should possess hydrophilic
character in order to be repellent for PrRigcNevertheless, that does not exclude
PNIPAM and MIX Il treated surfaces that were shawradsorb relatively high amounts
of recombinant prion protein. If surface properidsviIX | are compared to MIX Il and
PNIPAM, few differences can be observed. FirstiyiXM has the lowest dispersive
componenty’= 16.6 mJ/m, whereas the dispersive components of PNIPAM atxi M
are 19.1 mJ/fand 23.4 mJ/Arespectively. Therefore, the dispersive componaifs fn
the same order as PrPgggadsorption on MIX [I>PNIPAM>MIX I.

Secondly, MIX | possesses the lowest basic charamtel 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 botkIPAM and MIX Il is just
around -35 mV. This factor seems to be of a gmagbirtance, 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
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is known [200] that the highest protein adsorptians observed when the net surface
charge of a protein is zero, therefore the highigrged surface as found in MIX |
(¢(7.4)=-51.9 mV) seems to induce the electrostapeilsion between the protein and the
surface.

The recombinant Tau protein is relatively large ecale composed from 441 amino
acids and presents an isoelectric point betweearntl®.9. The recovery of Tau protein was
improved on all hydrophilic surfaces and did naivgtany specific selectivity among them.
On the other hand-syn is a small protein (140 amino acids) with pF=4rhe recovery of
recombinanti-syn gave relatively good results with PNIPAM treant, 85% of the protein
was preserved even after 1 month of storage. Feeo$iproteins has a very important effect
Namely the amount of amino acids between proteary geverely, meaning that some
proteins will have large amount of patches thata#tracted to a certain surface. On another
hand these proteins are subjected to constant ehahgonformations 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% onilties treated with MIX I. Considering the
surface, PNIPAM has much more basic characterdtiar 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, lessiddand more charged should be the surface
in order to repel the protein in question.

The recovery of proteins from CSF is showing qopposite 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 amparison 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 surfaceshwhigher 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 relativetpisg protein adsorption, the amount of
TauPHF adsorbed was 45%, while less adsorptiorpet2Awas 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 importHatahces in results obtained from a
single-component recombinant protein solution ancb@plex multi-component solution
like CSF. One reason is that the properties oh#lieve, recombinant and infectious form of
proteins differ substantially and secondly therpr@bably a preferential adsorption of non-
degenerative proteins present in the plasma pbdke Eppendorf tubes, leaving the desired
proteins intact in the solution. Namely a very impot factor in a complex solution is mass
transfer towards the surface, which will dependh@nconcentration of individual protein in
the solution and is inversely correlated to its enalar weight. The smaller proteins with
high concentrations will come to the surface fastl are replaced afterwards with larger
proteins having higher affinity for the surface.eT$tudied neurodegenerative agents have
relatively small masses in comparison to the ofiteteins from the plasma [201], so the
replacement effect is highly probable. As MIX IM®rking extremely well for the recovery
of all proteins from CSF even though their progsrirary, we expect strong affinity of other
plasma proteins towards the MIX II.
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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 polyprapmylplates were treated either with
CF4 plasma or pre-treated with helium plasma and gdaftith 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 BSAewkme 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 sufficigntiiggering 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 eratnd dried under laminar flow. On
these supports, XPS and confocal microscopy araklysee performed in order to attain
some supplement information and compare the resoltsiological 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 werxposed to different protein
solutions are shown in Figure 85. The correspongiegk assignments are gathered in
Table 21 and Table 22.

Table 21: Decomposition results of high resoluidds peaks of hydrophobically treated
samples exposed to protein solution with belon@imgtional groups and O/C ratio.

Component C1 Cc2 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 Ck Ck

assignment

PP+CRH 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 7.9 135 151 5.2 0.13

PP+ CRlta-syn 39.4 13.9 8.1 14.5 16.7 7.4 0.11
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Table 22: Decomposition results of C 1s peaks dfeated and hydrophilically treated
samples exposed to protein solution with belonfimgtional groups and O/C ratio.

Component C1l (%) 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, 0-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
PP4a-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 | + o-syn 85.5 9.7 2.8 1.9 0.22 0.02
MIX I 60.2 30.6 6.6 2.5 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 1l + Taurec

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

Let us first consider the adhesion of the bloclaggnt (BSA) to the untreated and treated
surfaces. The hydrophobically treated support;)Y@Rowed no significant change in the
chemical composition (Table 21) upon exposure efdtwrface 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 swdahat disallowed a homogenous spreading
of the protein across the support. Namely the XR&8yaes the surface in the spot area of
400 um, while the size of the sample was 1 cm x 1 cnerdfiore there exists a probability
that we did not manage to analyse the area on wvilncproteins were spread. Adversely, the
exposure of virgin PP substrate to BSA solutiorught big changes in surface composition
(Table 22, Figure 85.a). The C1 peak at 285.0 & tbrresponds to C-C/C-H bonding
decreased from 97.2 % to 52.4%, while the C2 p&al/IC-N) increased from 2.8% to
27.4%. At the same time new peak at 287.7 eV apgebelonging 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 areedly high adsorption of BSA to the
untreated polypropylene surface.

For the hydrophilically modified surfaces the PNNAeated supports showed complete
resistance towards the BSA. There was no changbeoturface 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
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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 Zdahd 5.7% to 17.6% respectively. A
new C4 peak with relative intensity of 2% also apd. 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 disappearainCd peak, corresponding to O-C=0
bonding. The adsorption of BSA is very strong drsapports except PNIPAM (and gF

As the N/C ratio of all supports that strongly natted with BSA is around 0.23 and the
diameter of BSA (6.4 nm) corresponds to analytaeghth of XPS, it can be said that the
BSA completely covered and therefore blocked tiseskaces.

In the next step we will consider the attachmentairodegenerative proteins to either
hydrophilic or hydrophobic surfaces. The XPS rasaftrecombinant protein adsorption on
hydrophobically (CEk) treated plates are shown in Table 21. There wasnsarkable
increase of C1 peak observed at 285.0 eV (19.8®)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 peakspmgihg to different fluorinated functional
groups decreased quite substantially, suggestgigddsorption of PrPrgg, on the plates.
The same was observed by ELISA tests, confirmireg high affinity of PrPregn, for
hydrophobic supports. Oppositely, there were naifstgnt changes in the surface
chemistry of the fluorinated surfaces exposed tadJand a-syn protein solutions.
Unfortunately, the available amount of proteins Wasted and as mentioned before for
BSA, it prevented the homogenous spreading of prateross the substrate due to the
extremely low surface energy of fluorinated suppoftherefore it can not be said that the
adsorption did not occur (as the biological valmtatests showed the contrary), but rather
that the scanned surface area with XPS was natisutfy large and well positioned. The
XPS results will be compared after with confocatmscopy imaging, where the samples
can be scanned over an area as large as 1 cm % simple manipulation of the sample
position towards the imaging area.

The exposure of PNIPAM grafted sample to.dgorotein solution did not result in
change of surface chemistry composition indicatiog or negligible adsorption of this
protein to the surface (Figure 85.b). ImnmersioRRIPAM treated plates ini@-syn solution
showed very small changes in surface functionglitike C2 (C-O/C-N) peak increased for
4% suggesting a small adsorptionaedyn to the surface. On the other hand the adsarpti
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). Theltsesue confirming stronger
attachment of prion protein to PNIPAM surface cormmgato a-syn, as was already
suggested by biological validation results.

The adsorption of all neurodegenerative proteirie¢dIX | 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 decreasgohring 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.

Contrary to MIX I, MIX I high resolution C 1s spiea show extremely attractive surface
upon protein adsorption. All proteins with exceptaf Tayec. adsorbed substantially (Figure
85.d). This confirms the biological validation testrformed on recombinant proteins. The
adsorption of PrPrgg, on MIX Il caused a high decrease of C2 peak (189gpesting that
a big amount of recombinant prion protein was auswbron the surface even though the
concentration of protein was very low (50ng/mL)ikdwise for the PrPrgg, adsorption,
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 posseadagher affinity towards the PrPrge
than towards the- syn. On the other hand, the contact of MIX litetawith Taw. solution
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did not bring any visible changes in surface comtipos proposing its neutrality toward the
Tau protein. It is interesting to compare the behavof recombinant forms of protein
towards the natural forms found in CSF. Adverselgecombinant forms of proteins in PBS,
MIX 1l showed remarkably high recovery of differagpes of proteins from CSF as shown
by biological validation tests.

Regrettably the XPS analyses could not be perforomegroteins from the CSF, taking
into account that it is composed of a large varddtglifferent proteins. The XPS results are
in a good agreement with biological tests for hpthitic supports, while for hydrophobic
treatments homogeneous spreading of proteins waereid by the low surface energy of
supports, therefore the interpretation of thesealterseeds to be taken cautiously.
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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.
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4.2.2 Visualization of surfaces exposed to protein soludn

The confocal microscopy technique allows visualabf proteins by fluorescence and
was employed to obtain some complementary infoonadn the protein adsorption. The
untreated and treated surfaces {CPNIPAM, MIX | and MIX II) were exposed to
different protein solutions (PrPigg, Tauec and a-syn) coloured with rhodamine. The
volume fraction of rhodamine in PBS buffer was 0,5#here 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 absexigroteins in order to ensure that
the fluorescence of the surface correspond jutdqresence of proteins and not to the
interaction of rhodamine with the treated surfacBlse time of immersion for both
experiments was 2 h. After this step, all surfagere 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 rhimda interaction with substrate
(experiment two, without protein) are not presertede. The images shown in figure 86
present just the fluorescence that was caused soylzetl proteins, where the background
caused by rhodamine interaction with treated saesfagas already subtracted.

Let us first consider the adsorption of prion prat€oherently with the ELISA results,
the lowest adsorption of prion protein was obsergadthe MIX | treated surface (red
square). The adsorption of PrRggcon PNIPAM shows rather high amount of proteins
present on the surface that are covering it extigehmmogeneously in comparison to other
surfaces. Virgin PP and GFEeated surfaces are showing large aggregatesg WHK |l
treated surface seems to induce oligomerizatiorproteins and formation of closed
structures in the form of rings. In our experimgmbteins were exhibited to ambient
temperature under air, which could explain the egates observed on the surface. If we
compare the amount of prion protein adsorbed betwiee treatments, it seems that they
drop in an order: CBEPNIPAM~MIX II>PP>MIX I. This is in a good agreenmtewith
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. Findibyot-syn
adsorption presents a formation of interesting divad features on the surfaces, indicating
an extremely high protein oligomerization. The Istvadsorption 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 surfaegtiemely inhomogeneous towards the
protein solution; namely there are some areas laitie aggregates and on the other side
practically nothing could be observed on them. @teat inhomogeneity comes from the
fact that the proteins were simply spread ovesstitéace and not immersed into the protein
solution. Nevertheless, there is a very good ageeeivetween the biological validation tests
and confocal microscopy results.
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Figure 86: Confocal microscopy images: influence sofface properties on adsorption of
PrPregum Tauye. anda-syn

4.3 Influence of storage conditions on protein adsorptn

The origins of protein-surface interactions arenfbun different intermolecular forces,
thermodynamics and entropically based interactismsh as hydrophobic interactions,
conformational entropy and restricted mobility.aadition the adsorption depends on the
intermolecular forces within the protein moleculebjch may lead to the change in their
conformation. This is strongly influenced by sabatichemistry (pH, T, ionic strength,
addition of various molecules) and can be useamdrol the adsorption process.

In order to study how some of these factors infbgethe protein behaviour several
experiments were made. In the first, part the erflee of protein concentration, storage time
and temperature on the adsorption of PrRsganto the hydrophobically modified surfaces
was studied. Afterwards, the influence of long tisterage (3 months) on adsorptionoef
syn to differently treated tubes was monitoredaat tlifferent temperatures (- 20°C and +
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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

4.3.1 Influence of concentration, time and temperature ofstorage on
adsorption of PrPreg,,n to hydrophobically modified surfaces

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

At these conditions maximal water contact angléhensurface was observed at 132°. The
PrPregumsolutions were prepared at two different concelatingt g= 50 ng/mL and &
1lug/mL. These proteins solutions were stored in eitfmgin PP Eppendorf tubes or €F
plasma treated tubes at the V= 300 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 immediaaelglyzed 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 facttiiese experiments were performed at
different protein concentrations, temperature ame,tmaking their presentation clearer if
optical density is used. There was no sample tlhatstored at - 80°C as a referenece;((
soec), therefore the results are presented quantitativat 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@d/mL) of the protein. This was true for both tengteres, - 20°C
and + 4°C.

/ZZZZA Supernatant
@8 Eppendorf tube

30 nev
S 7
”o ' x 2.0 7 x23

0.0
R @ > % >
P2 PRI [eNZ o‘z % \g o) s
ép’b@?g@ o 0%«;‘% %%%‘@/O) OA%%’%
. . w2, P B
o%( ooO( DK oKX SRS o X 7%\(

Figure 87: Storage of PrPggg for 15 min in untreated and ¢plasma treated Eppendorf
tubes at different protein concentrations and teatpees.
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On the other hand when proteins were stored atrl@aecentrations (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). Tdsogption to hydrophobic materials was
reported to be stronger (and in higher quantitiegparallel to the materials with higher
surface energy. However this is only partially trared 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 protprealing and reorientation, more protein
will be adsorbed on low energy surfaces. For edusolutions the effect can be quite
opposite what was also observed on our surfaces Means for example, that the
efficiency of the tubes used in laboratory for pugpion of the samples could be improved
by plasma fluorination, as the lost of proteinrnsafier comparing to the untreated PP tubes.
The advantages of this technique are severalrdtier simple, extremely fast, and “clean”
and moreover possesses sterilization abilities.
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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

The results of PrPrgg, storage over a period of one month in untreateldGi plasma
treated Eppendorf tubes at different protein comagaons and various temperatures are
presented in Figure 88. First thing that can beeolesl is the complete loss of protein on
untreated PP tubes at both temperatures and batemoations. The PrPigg solution that
was stored in CRreated tubes at -20°C on the other hand shoatviedy high recovery of
the protein. Comparing to the untreated tubesintipeovement is 1550 %. If we assimilate
it to the samples that were stored just for 15 mvg,can say that around 50% of additional
protein was lost in this one month on ,Cifeated tubes at -20°C. At 4°C, the same
phenomena was obtained as in the PiRrestorage over night at the same temperature
(Chapter 4.1.1), namely there was no proteins tigtean the Eppendorf tube or in the
solution, which was explained by formation of phnotgdouble layer.
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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 analyseg(§oec), corresponding to 100% of the protein. The
results of “sandwich” ELISA tests are presente#igure 89.
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Figure 89: Storage ai-syn in a period from 1 to 3 months at -20°C inreated, Ck plasma
treated and PNIPAM, MIX | grafted Eppendorf tubes.

The results are showing high adsorptioru-afyn onto the Ckplasma treated Eppendorf
tubes at -20°C. The optical density is reduced®g @lready after one month of storage and
does not change much with time afterwards. Therptisn of a-syn to the untreated and
MIX | treated tubes progressively decreases wittetiwhile 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 formationdafuble layer and further loss of
biological material.

The optical density results ofsyn adsorption on the untreated and treated tath4%C
over a period of three months is shown in FigureT®is 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 hava s no matter what was the
temperature, the recovery @syn was the highest from the PNIPAM treated tulbés. lost
of signal after 3 months of storage in PNIPAM tuloesild be the correct result or the
artefact, but unfortunately the experiments cowlche repeated.
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Figure 90: Storage ad-syn in a period from 1 to 3 months at +4°C in eated, Ck plasma
treated and PNIPAM, MIX | grafted Eppendorf tubes.

4.3.3 Influence of the pH of storage buffer solutions oradsorption of
PrPrecy,» 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. PrBygcand Taw proteins were diluted in the
three different pH solutions mentioned above andest for 24 h at 4°C. The ELISA test
results are presented in Figure 91 and Figure BRBreg,m and Taw respectively.
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Figure 91: Influence of the pH on recovery of PRjgfrom differently treated Eppendorf tubes.
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Figure 91 is presenting the evolution of the PrRRreecovery curve as a function of
pH. The standard conditions used for storing are@Ht 7.4. There was the highest
amount of protein recovery at this pH for MIX lated Eppendorf tubes, while PNIPAM
showed 16 % improvement of recovery at lower pHe &dsorption of proteins at pH=
9.6 increased for both treatments with slightlyfetént 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 | treatmenbaled best results at pH=7.4, while
for pH= 9.6, a decrease in optical density sigrnalserved (Figure 92). This drop could be
ascribed to the high difference in the surface gdgat this pH. Namely, pl of the Taus
somewhere between 4.7 and 6.9 that means thatuldvie more negatively charged at
elevated pH, while the surface still contains péiytipositively charged functional groups.

Oppositely, the adsorption of Tau protein onto BMIPAM treated tubes is lowest at
most elevated pH. This could be explained by high&mntity of charge present at higher
pH, decreasing the probability of protein aggremati

For a number of proteins, the adsorption is mavechiwhen solution pH is close to the
isoelectric point of a particular protein [200]. iFhis related to the protein-solvent
interactions becoming less favourable, and prgtemtein interaction becoming less
unfavourable when there is no net charge of theejoro

Generally when the solution environment becomesHhespitable to proteins they tend to
adsorb and leave the solution. On the other héttik pH is far from the pl the electrostatic
repulsions become more important and the protemsedained in the solution. This is of
course only true to certain pH levels, until thetpin’s stability is disrupted too severely.
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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 prdpes 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 II. The condeation of PNIPAM was fixed to
0.5¢/L, Gtas= 1mM and the Ween2e= 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 PrRyg¢
and Tau PHF storage were performed on Eppendoeittiiat were prepared 6 months
before using.

4.4.1 Influence of surfactant to polymer ratio and plasmaconditions
on recovery of PrPregum

The histograms of PrPrgg adsorption as a function of plasma parameterspahaner

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 atesv the amount of protein

recovered from solution. The results were not ndéised due to the phenomena
mentioned at the beginning of the chapter, wheeecthncentration 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 highatue 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, thatseare still slightly better when the
Venieaw/Veras= 1:1. The influence of plasma parameters is ailgoortant. Best results
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were obtained with 60 s of plasma activation, witiie prolonged treatment lead to
extremely high signal on the Eppendorf tubes andhat same time relatively high
recovery. As it was already seen with PNIPAM, arpoteraction between the blocking
agents (BSA) caused artificial signal on the Eppenhdubes due to the parasite
interactions with streptavidin-HRP complex with treurface. Unfortunately, the
information on BSA interaction with MIX | at thesexperimental conditions is not
available, however there is a high probability thHK | in this case has no or very little
affinity towards BSA.

On the other hand, the adsorption of Prigrgon the MIX 1l (Figure 93.b) treated
Eppendorf tubes gave much more regular behaviangér treatment times and the high
polymer concentrations result in higher adsorptédmrion protein. All the previous tests
presented on MIX Il were performed at 50% of PNIPAMI 180 s of plasma pre-treatment
time and as can be seen the conditions were riabkufor a good recovery of prion protein.
With these test the perfect conditions were fotntl(( s, Vbnipaw/V tweenze= 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 TauddHa function of plasma parameters
and polymer to surfactant ratio on MIX | and MIX tileated tubes respectively. The
measurements were done with “sandwich” ELISA tedtere optical density values

correspond to amount of protein that remained enstbiution.
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Figure 94: Optical density measurements on a) M&ad b) MIX Il treatments for the recovery
of Tauec as a function of plasma grafting conditions anlyiper to surfactant ratio.

The recovery of TauPHF from MIX | Eppendorf tubémwed best results for tubes
that were pre-treated with He plasma for 60 s aadteg in the solution at the volume
ratio Venipaw/Veras= 1:1. These are the same conditions that hadigie st performance
for PrPregum protein. The recovery of the TauPHF was 80% highan in the untreated
PP tubes. At all other conditions almost no protwwas detected. Next to the plasma
treatment time the concentration ratios had aménfte on recovery as well, namely 33%
more of the protein was detected at optimal cooniti(50% of CTAB). Even though the
recovery was improved quite remarkably, the loggrofein was still not negligible. If the
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optical density values of best performing MIX | euare compared to the MIX Il optimal
treatment (Figure 93.b), a big difference in thgnal can be observed@D= 0.5). In
other words 90% more of the protein remained ingblition in MIX 1l 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 spwading relative increase in the protein
recovery for PrPregn and Taw.relatively to the untreated PP tubes are addetedatst
two columns. The lowest adsorption of prion prote@s 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 regulaofsamictured surface was obtained with
average surface roughness of 6.4 nm. The AFM iroages sample pre-treated with helium
plasma for 180 s and grafted with MIX | is not dahble, but it can be supposed that the
visible structured features are present and apomsgble for the difference from the short
time activated sample recovery. Variations in tphical 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 thatilred in positive prion protein recovery
for MIX Il grafting was at 10 s of plasma activatiome. 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 and &®@ more importantly the zeta
potential should be extremely negative.

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

o/C Y ¢ (pH=7.4) Sa Rel. conc. Rel. conc.
(mJ/m?) (mV) (nm) (%) (%)
(PrPrecnym) (Tauyec)
MIX |
10s 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 11
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

MIX Il 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 Eopetube that was treated for shorter
times. MIX | treatment is able to decrease the FH& 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 struetusurface. Nonetheless, the performance
of MIX | treated tube is relatively poor towardethlIX Il treated tube.

The surface properties of MIX | and MIX Il as a @fion 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 pypaw/NcTas IS 1:50. Additional supplement of either polymer surfactant
results in increased adsorption. In contrary, MiXéated tubes work better for recovery of
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prion protein when higher amount of surfactant a@ded. If we combine these results with
the plasma treatment results we see that up to 1358 recovery can be achieved if short
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 respectivelythse conditions extremely regular surface
features were formed. Further addition of surfastdn PNIPAM polymer causes much
higher adsorption of the Tau PHF.

Table 24: Basic properties of grafted supports aetion of polymer to surfactant ratio
and the relative increase of optical density fdPreg,,, and Taw. towards the untreated
tubes.

Treatment T Sa Rel. conc. (%) Rel. conc. (%)
(nPonmer/nSurfactam) (m\]/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 I

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

In conclusion, the results have shown that thenmasonditions and surfactant to
polymer ratio influence substantially the proteidsarption, either through introducing
different functionalities or through influencingethsurface topography. As the plasma
activation time and surfactant to polymer ratio diat influence much the total surface
energy and its polar and dispersive components;aneconclude 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 Bithe 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 ppitein 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 protecovery 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 PrPregn and Tau PHF recovery are presented in Figure @6. doth
experiments a sample was stored at -80°C in theatetl PP tubes for 24 i sooc),
that corresponds to 100% of the protein recovery.
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Figure 95: Recovery of a) PrPrggand b) Tau PHF stored for 24h at 4°C in tubes wWee
treated either one week or 6 months before theyses

The results in Figure 95.a show that there isghit)i higher adsorption of PrPkgg on

MIX | treated tubes prepared 6 months before theyaas, however the recovery of the
protein remains the same. The drop of the signab f& is due to a low adhesion of prion
protein to the MIX | treated Eppendorf tubes antidwee to their ageing. There is no ageing
observed on the PNIPAM and MIX Il treated Eppendoiies for the recovery of Tau PHF
(Figure 95.b). It can be concluded that the tulmssess stable treatments and can be used at
least 6 months after they were produced. The #gtabilcoatings is of a great importance for
further applications.

4.5 Conclusions

Results of protein adsorption tests have showntktgie is not just one factor responsible
for protein interaction with the surface, but a valteffect of different surface properties
(charge, functional groups, acid- base charact@npstucturation), storage conditions
(complexity of the solution, time, pH, temperatuaep 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 correlatioasveen surface and protein properties
were found:
* hydrophobic surfaces induced high adsorption ohallrodegenerative proteins
*  PrPregum was recovered 95% from MIX | treatment and 100% NK&iX I
treatment (high surfactant ratio and short treatmiere). The conditions needed
for good recovery of prion protein (pl=9.8) are thigegative zeta potential, low
basic character and O/C ratio between 0.20 and 0.25
* Tauec stored in either PNIPAM, MIX | or MIX 1l showed D86 higher recovery
relatively to untreated polypropylene tubes. TheiEgrotein (pl=6.5-8.5) did
not show any specificity towards all hydrophiliedatments
* o-syn (pl=4.7) was recovered 85% when stored in RANIRfter 1 month at 4°C
or in other words relatively to the untreated tulbxeshave obtained 135% better
recovery. The recovery results suggested that &acrshould have small
negative zeta potential, extremely basic charaaer smooth surface, probably
due to its small size
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» Storage of CSF in PNIPAM treated tubes showed 10886very for Tau PHF
and A3-42 peptide, whereas when stored in MIX Il it shdvas well 95-100%
recovery for PrPc indicating an importance of namwsuration for recovery
from multicomponent protein solutions

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

« An extremely precise coordination of surface propsris 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 tbgment 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 compieulti-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 gee 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 tivease roughness on our substrates is not
important enough to ascent from highly hydrophabisuper hydrophobic surfaces.

In the second part thin layers of polymer and pelymith small molecules were grafted
on the surfaces pre-activated by helium plasmathist 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 radgain the surface that lead to covalent
grafting of layers. The surface energy did not hawach impact on the surface
characteristics of grafted samples with plasmatigement 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 abads 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
concentration of surfactants to polymer solutigndy 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 chatestics. 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 d®do 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 ressiplenfor protein interaction with the
surfaces, but a mutual effect of different surfaceperties, storage conditions and the
properties of the protein itself. We have manageattain no or negligible adsorption of all
examined protein on the Eppendorf tubes when stoveas performed at 4°C for 24 h.
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Despite the important amount of attempts, the wnguface treatment for all proteins could
not be attained due to considerable variatione@ptotein properties.

Nevertheless, few correlations between surfacepanigin properties were found:
1. PrPregumthat possesses high pl (9.8) showed negligibleoardsorption onto the

surfaces with high negative zeta potential, lowidaharacter and O/C ratio
between 0.20 and 0.25

Proteins with lower pl (Tas 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 surfaoepimlogies.

Storage of CSF in MIX Il treated Eppendorf tubesvgdd 100% recovery for all
titrated biomarkers. These results indicated aromamce of nano-structuration of
the surface for the recovery of proteins from cawphulticomponent solutions.
The surface roughness and nano-topography had partant 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.

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 andétraclhesion for various
biomedical applications
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