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1 INTRODUCTION

Biofunctional coatingsare of high importance ia number of industrial and research
fields, includingbiomedical applicationgimplants and druglelivery systemys analytical
chemistry, biosensoras well asmaritime industriesThesecoatingsare intended to endow
solid supportgsubstratesyvith special abilities in order to interact with biological systene in
controlled anddesiredmanner.The coatings areaisuallythin films (thickness is below 4m)
made of synthetic or naturally derived constituersisig various types of surface chemistties
The term surface chemistry @mmonly used to refer the chemical modification methods
performed on surfacemndit refersto the resulted molecular assembbaswell The objective
of surface modifications can vary &nwide range depending on the applications. For instance,
biomedical implants should be coatedatthievebiocompatibility,drug carrier microparticles
shouldbe functionalized to reach controllatid targetedirug releases well as submerged
surfaces oimaritime architectures should loeatedto prevent from fouling and subsequent
damage by marine organisns.the field of biosensors, biofunctional coatings play a key role
in improving sensing capabilities (e.g. sensitivity) by amplifying the signabwiponents of
interest and minimizing the fouling of surfacése persistent issue when biological samples
interact with sensing surfage
With respect to althe specifiedields, polymersave become one of the most common coating
materiak owing to thér potential forbiocompatibility, costeffective synthesiandtheactually
immerse diversityegarding theistructurechemical modificationandtheirpropertiesin case
of biosensors,he surfaceelated improvements can be besthieved byusing hydrogel
interface layers. Hydrogels arehydrophilic polymers capable aiccommodatingextreme
amount ofwater. The natural biopolymer dextran can be efficiently used to form three
dimensionahydrogel layers on biosenssurfacesThe application of deran-coated biosensor
chips st ar t,ardlater ondeaxtraebask®laydrsove becomewide-spreadn the
field of labelree biosensorsAlso, dextranlayershave been shown tbe able toprovide
specifically conjugable mechanicalupport for living cells. This traitpresentsa great
significance in theemerging discipline of materiobiologywhich studiesinteractions of
biomaterialswith biological entities (cells, tissueand organs) focusing on the effects of
biomaterial properties on biologicdiinctiong. Labetlree biosensorsvith dextranbased
hydrogelcoatingsareattractivebioanalyticakoolsfor the exploration of surfaeeelated cellular
functions andevents such asdhesionspreadingproliferation, migration as well aggnaling
processesBesides supporting fundamentakearchn cell biology, the understanding of the
behavior of cells e.g. achemicallyandbr topographicallynicropatterned surfaces has of high
importance in the del@ment of celbased biosensors
In contrast to the obvious advantages and applications, dday@rshaveremained poorly
characterized and technical detaglbout their fabricatiorprocessesare missing from the

" Cell-based biosensoepply cells as specific sensing elements.
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1INTRODUCTION

literature.Moreover, dextraitoated biosensor chips are still not commercially available for
basic optical biosensor techniqu&befact that there is onl{ew published data regarding the
structure and dynamic behavior of dextran layers is typical for ultrathin, nanometer thick
biofunctional coatings: actually it ia major challenge to obtaireliable surfacerelated
information atthe nanoscalelevel. The challenge is even greater in case of hydrogel layers,
where the presence of water molecules and their effect on layer structure should be significantly
considered The comprehensive characterization of such layers demands to depioys
measuremenimethods including biosensors, whiclare able tooffer prominent surface
sensitivity.

The field of biosensors is a demonstrative exampietefdisciplinarity it can befind in
the intersection othe sets of biology, chemistrphydcs and engineering.In consequenge
research and development in the field of biosensors denfagldliginterdisciplinaryapproach:
it is crucial to understand the physical principles of measurement tecgngplect the
appropriate surface chemistry forodifying sensor surfaseand know thebiochemical and
biophysical characteristicof both the applied biorecognition elementad targetentities
Additionally, the entire proceduid characterizing surfaces anthercomponentsequiresto
knowthephysicochemical backgrourd theappliedanalyticaltechniquesAs a support, these
analytics have a great importance in understanding the working phenomena and providing
feedback information for further improvements

The interdisciplinarynature is refleted in the present thesis as wéill.this thesisthe
developmenbf hydrogetbasediunctionallayersfor biosensor applications presentedThe
aimof layerdevelopmenis to improvelabelreebiosensomeasurements as well agtovide
suitable platform layer for mediated cell adhesion experimentsth optical biosensor
monitoring The aimis to produce stable, reproducible polymer layers with hydraphdture
and high water content in order to achieve advanced antifouling and conjugationsabilitie
requiredby the applications. Due tibs advantageoubiomaterialproperties, lie layers were
fabricatedirom the carbohydratdextranusing various surface chemistries on inorganic glass
based substrate surfaces. Besides the developrant of grafting methodsthe thorough
characterization of the resultedkxtran coatirgs is also presentedavith the purpose of
determinng their composition understanehg their structure (sch asdominant polymechain
conformation andobtairing feedbacknformationfor layer optimizatios.



2 BACKGROUND

2.1 Labelfree biosensorsand related challenges

2.1.1 Introduction to label-free biosensors

Biosensos can bebest efined bytheir general constructioandobjective According to
the concise definition ofnthony P.F. Turnér fbiosensors are analyticdévices comprising
a biological or biologically derived sensiredement eithelintegrated within or intimately
associated with @hysicochemical transdu@eand fithey usual aim is to produce a digital
electronic signal which is proportional to the concentration of a specific chemical or set of
chemical$®°. A biosensor consist of three principal elements(see Scheme 1). The
biorecognition elementbioreceptor)s able torecognizethe analyte (target) in the mence of
various other componentgeneratingan analytespecific signalHere, the biosensor elqits
the advanced specificity of certain biological entifjesy. antibodies, cellsYhe transducer
converts the signal into a measurable f@digital electronic signalind the incorporatesignal
processing system allows to read and analyzedbededsignaf. A less definedhowever
anotheressential element of biosensors is thierface chemistry that provisiéhe ability to
sensitize the transducer surface byllwrecognition elemerdand to maintain the interactions
between the sensing surface and sample medium atjiiesct level.

Sample Targets Bioreceptor fransduceil Signal processing
Biorecognition signal Readout Conversion
Refractive index/
fluorescence s - Optical
shift
‘%) |Antibody
i plecianica) == "= Mechanical
deflection = NS Electic
) signal
= Potential/ ==y 3
- | Enzyme Current — .
Heat - - Thermometric |
‘| cen

Schemel éSchematic structure of a biosensor

" Also known as prof. Tony Turner a leading scientist in the field of biosensors.
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2 BACKGROUND

Biosensorsare usually classifiecaccording tathe applied readounethodor detection
methodin terms ofthe usageof labels Regardinghe readout method which is determined
by the applied transducer systénbiosensorscan ke sorted intathe family of electrical,
magnetic,optical mechanicabr thermometric sensorsAccording to theother, labelbased
classification biosensors are usually divided into two main grotips secalledlabelled and
labekfree (nonlabelled) biosensors.

Refractive index

Labelled

Label-free

Scheme2 éLabelled and nonlabeled (labelfree) detectionprinciples in case ofoptical biosensors

Labelled techniques are primarihased on the measment of fluorescare intensity generated byssociated
fluorescentlabel entities (e.g. attached to a secondary antibddycase ofan antibodyantigenrbased specific
interactiorn). In contrast labelree techniques measusggnals é.g.refractive indexshift) generated only bthe
physical presence afalytes on oover the transducer surface.

The label (or probe) is a foreign substatita is attached to the targéte molecule or other
entity of interest)in order to detect olecular presence or activity by altering its intrinsic
propertie&. Most common labebased techniqeeemploy fluorescent or radioisotope probes
for detection. Althouglthey convey great sensitivity, highroughput and potential to measure
tremendous variety of targelsbetbased techniques are limitedpeciallydue to the labels
themselves. The use of labelsually requiresa largenumber ofadditionalreagentsextra
preparatiorsteps anthus theyaccompany witlextra time ad cost The size of label molecules
can be commeasurable witie size ofarget molecules and binding sités. a resultthe label
may tendto alterthe molecular interactions due to the effect on molecular conformation
blocking of active binding sitesLabelfree detectiorhas the potentidab overcomethe above
drawbacksnablingto collectreattime kinetic data about surface ever@sving to thisunique
ability, labelree biosensorsan monitorthe binding kinetis of analytesto surface attached
bioreceptor®r monitor theadsorption kinetics of analytes warious types of surfaadatings

2.1.2 Non-specific binding

Besides the obvious benefits, severathallenges have to be solvéal extractreliable
outcomesfrom labetree measurementsn general the signalcan beinterfered by the
background due to changes in #ample composition arftlctuations of temperaturas well
as by the binding of netarget moleculed_abelfree biosens@ measuréhe signal generated
by an intrinsic physical property of the analytS8incethese physical propertiese possessed

4
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by all kinds of compounds and in eftethe signals generated only by the physical presence
of a substance, the recorded signal can be interfereddnyrathf nontargetcomponentsvhich
appear in the detection field tfe transducerThe interference is more severe, wile& non
targetsdeposit on the &msducer surface and they cannot be simply removed. In this case, the
interfering signal remainsignificantly distorting the analg-specific signalThe phenomenon

is callednonspecific binding (NSB) or in wider sensebiofouling (seeScheme3). Especially

in complex biological samples, various types of conmaisuare present in a huge number,
potentiallyindudng a massive interferingignal.If we considethatthe target molecusoften
presenin samplsonly in a nMconcentration rang@vhich can be itself a challenge to dedect
the specific signal can be completslyppressetly the NSB. Consequentlythe NSB leadsto
asignificantlossin biosensor sensitivity.

Inherently, potein molecules armain componentsf biologically derived samples and
they can adsorb to various types of surfagigls wide range of physicahemical possibilities.
Owing to these facts, the utmost parttadinterfering NSB signabriginates from proteinsand
therefore the term nespecific binding igraditionally used for the adsorption gbroteins.In
addition,proteins play a key role iniofouling of surfaces by cells and tissuescausé as it
will be describedn further details inSection2.21 adhesion of mammalian cells is initiated
and governed by surfag@otein interactionsConsequently, theost relevant task and also the
top challengein the inhibition of biofouling is the protectionof surfaces againgprotein
adsorption.

Biofouling is not a biosensor specifgsue Severalieldsand industriessuch ashe field
of medical implantsdrug delivery systemsr even maritime industriesreimpairedby this
phenomenonThe spontaneous and uncontrolladsorption of pteins from biological fluids
onto synthetic biomaterials triggers biological events inolydhe host defense mechanisms,
blood coagulation obacterial adhesiorirhese processelsadvantageouslynpact the long
term viability of biomedical devissor medical implarg%'*Marine biofouling, the undsred
growth of marine organisms on submerged surfaces is a gdsbain maritime industries with
the consequence of huge economic and environmental damage

To efficiently struggleagainsthe NSB and to modulate protein activity on surfaces, it is
demandedo understandhe mechanism®f protein adsorptiomat the solidiquid interface A
protein molecule comprises both hydropitodnd charged segments andniggure is strongly
determined bythe isoelectric point(pl): the specificpH, at whichthe overall charge of the
molecule is zerdn general, particularly around the pl, the hydrophobic segments are dominant
and therefore surfaces with hydrophobic naturevameaffected by protein adsation? It has
beenalsoproven thathehydration(water cantent)of both protein molecules asdrfacs plays
a key role in the adsorption procemsd the contribution of water exclusion to the energy
balance can determine the direction of adsorption equiliBfium

Apart fromlabelfree biosensorgp maintain the appropriate sensitivitiie significant
reduction of NSBis also important insolidphasebiochemicalassayssuch as in classit
immunoassays and microarr&ys. Several methods have been examined toocovee the
issue of biofouling in théeld of labelfree biosensors, however, only fefvthemare efficient.
The methodsare generallyclassifiedinto threegroups,including: (i) blocking of the surface
with certainblocking agentg(e.g. bovine serum albumin (BSAJ)i) using reference channel
as well agiii) covering the transducsurfacewith ant-fouling coating.
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Scheme3 éThe issue of NSB in labefree biosensor measurements andsing 3-dimensiond (3D) functional
coatingsfor suppressing the adsorptionof interfering components

Theextended 3D structure of a polyreased interface lay€éB) not only suppresses the adsorption of interfering
components (mainly protein molecules), but it can bind a much higher amdaiotexfeptor molecules tharflat
biosensor surfac@). These twadvantageousffectscan accompanwith significant increas in the biopecific

signalproviding improved sensitivity
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The most effectivand actually the sol@pproacthatdoes nobypass the issue is thee
of antifouling coatingslt has beershownthat the synthetic polymepoly(ethylene)glycol
(PEG)is able toform suitable coatirgagainstthe adsorptionof proteins For such coating
the mechanism gdrotein resistances still not fully understoodA number of proteirresistant
selfassembled monolayerSAMSs)” weredeveloped by the group of George Whitesides,
however, the behavior of these monolayers could not be described by the standard theory of
DeGennes/Andrade, whiakasdeveloped and successfully applfed PEG brushe¥!’ The
proteinrepellentability of PEG coating originates from a mixture ahultiple beneficial
properties: heavily hydrated chaingovided by the hydrophilic characteristaf PEG
moleculeqhigh dipole moment of ethylene oxide repegtis¢ir random orientation and rapid
motion, large exclusion volume amdduction of surface interfacial energy. An approaching
macromolecule or cell restricts the conformational randomness of the polymer chains and
unfavorablydecreases thmterfacial entropy Therefore, the adsorption of thesatities is
entropicallyobstructedstericentropic effect(Scheme5).t81°

oS o brush-like

Q
{Hof pay -2
E PEG(2&5 kDa) ;

Scheme4 éStructure of a PLL-g-PEG monomer® and the brush-like conformation®' of PEG chains on
negatively charged oxidetype surfaces

The graft copolymepoly(L-lysine)graft-poly(ethylene glycolJPLL-g-PEG) is a synthetically
improved form & PEG (seeScheme4). The main advantage ®&fLL-g-PEG isits simple
(reagentfree) and stable deposition on negatively charfged. glass or metal oxiYleurfaces

via strong electrostatic interactions (servgdhe positively chargelysine segments).
L°g$aswella¥ st e r b e-wakera dechonstrated that polysaccharide coatings also made
of dextran can be as effective as PEG coatings in the reduction of protein adsorption on
biosensor transducer apdlysyrenebased microarragurface&1%22 The mechanism ofhe
proteinresistancef these polysaccharide lagas supposed to be similar tboseof PEGs .0
Their proteinresistant naturealso reliesprimarily upon the hydrophilic characteristic of
polymer chains that is provided by the abundance of free hydroxyl ghinilst PEG andts

other derivatives tend to autooxidi?e carbohydratesan better maintain theichemical
stability?S.

" Self-assembled monolayeasefispontaneously organized monomolecular assemblies at solid sutfaces
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=00 rvm Scheme5 éEntropic stabilization of surfaces
functionalized by polymer chaing*

In the proximity of an approaching
macromoleculge the polymer segmentbave
fewerdegree of freedom.

100 nm

One of the most advanced NSB test is the adsorgixperimentvith the use oblood
serum. Nevertheless, a combination of some selected protathsvarying molecular weight
(MW) and pl valuescan effectively model theserumconditions. B& is a serum albumin
proteinthat is widely used in biochemical applications owing to its stalfNiyv = 66.5 kDa,
pl = 4.7- 5.1¥>2% Fibrinogen(FGN) is a largeblood plasma protein that strongly adsorbs to
hydrophobic stfaces and it is used to modelfies t i ¢ k' y 0 sS'Y MW B4@kDayple i n's
= 5.5- 6.0¥"?8 Lysozyme(LYZ) is a smallprotein,with a net positive charge at neutral pH
(PBS, pH 7.4), thu enablego examine attractive electrostatic interactiergwith surfaces
functionalized bynegatively chargedarboxyl group® (MW = 14.3 kDa, pl = 11.6}. Using
these three proteinBSA, FGN and LYZ enablethepractical bucomplexanalysis oprotein
resistant propertiesf varioussurfaces.

2.1.3 Bioreceptor immobilization T need for an efficient immobilization
platform

Biosensor measurementgith high sensitivity and reproducibilityequire the stable
deposition of bioreceptor molecules with a considerable demsthesolid transducesurface
Native tranducer surfaceseed to be equippeslith biofunctionalcoatings, which are able to
providesuitableplatform for improved bioreceptor depositidn general, there are tweays
of bioreceptordeposition The simplest way is the adsorptiomuwever,noncovdent protein
surface interactions ausuallystronglyinfluenced by the physical amtiemical characteristics
of complexsanples (e.g. blood, uriner waste wateror by the applied regeneration procedures
(regeneration of antibodgntigenbinding) Changes in pH, ionic strength thre presence of
particular additives(detergents)can causethe desorption of adsorbed proteins. These
interferencesan be overcome using covalent coupling procedungshare able toffer stably
attachedayersof polymer chainé’.

Although great antifouling properties can be achieved by SAM co&inlasyusuallyprovide
only few binding sites. In order tachievea larger numbreof immobilized bioreceptors and
thus a bettemccompanyingsensitivity, a high capacity layer with threéimensional(3D)
structureand large internal surfasfould be tiached to the sensor surfg&eheme3). Beyond
PEG brushes, carbohydrdiased hydrogel layemsere shown tooffer the best performance

8
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regardinghhis requirementhe branched structure of polysaccharide chains provide adar lar
amount of conjugable groups and thus a much higher concentration of immobilized bioactive
moleculescan be achieved comparedhewidely usedinear PEGg830

2.1.4 Optical and mechanical labelfree biosensor techniques their
combinations and applicatiors

Several labefree transduction principles have been reported and proven to be suitable
for applications inpharmaeutical industryand healthcare €.g.for pointof-care testingand
their applications in basic researahealsoon the risé2 It is worth highlighting that besides
measuring the concentration and binding kinetics of analytesamale solutionlabelfree
biosensordavealso a great analytical potential in biomaterial research. Their great surface
sensitivity provide efficient todbr studying the properties (e.g. thickness, chain conformation)
of thin biofilmsboth under drand aqueous conditions.

Labelfree optical biosensors measure refractive index clzangginated from the
presence of analytes on the optical transducer surfdese techniques are sensing through
the so-called evanescent field that is generated wheal iaternal reflection occurs at the
interface and the electromagnetic fiblas detectable, exponentially decaying intermigrthe
interface(Scheme6 A). The total internal reflection demands the li¢ghat ispropagatingn
the higher refractive index medigno meet the interface of the lower refractive index medium
ata certain incideinangle.

Intensity (E/E,) of
evanescent field

Scheme6 évanescent field and guided modes generated by total internal reflections amwaveguidng
structure3334

lllustration A3% shows the series of total internal reflectignéth U angle of incidentsin a waveguidenade of
high refractive index materigh:). The enlarged part highlights tlgeneratecevanescent fiel&xponentially
decaying in the surrounding mediuhat has dower refractive indexr(z). The penetration deptl) is defined
asthe distance from the interface at which the field inten&ijyfdlls to ane? timesvalueof its original value
(Eo). At this distance, alterations Earestill detectable.

IllustrationB3* presentsthe waveguide modes in a planar optical wavegyk)e The field intensity distribution
profilesin case othe mods of m= 0 (red) and 1 (orangdjothfor TE andTM polarizations are depicte@he
TM modes penetrate deeper into the surroundiadianfenoted bys andC) compared td' E modes. Incase of
Optical waveguide lightmode spectroscopy (OW,.u8dnamodewaveguides with zeth order moderfi= 0) are
mostcommonly used.

9
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Measurements based ouarface plasmon resonan¢8PR)is a widely usedechniquethat
applies evanescent field for sens{fgr details, se&cheme?). Surface plasmon resonarice

the phenomenon is a chargalensity oscillation that may exist at the interface of two media
with dielectric constants of opposite signs, for instance, a ifyetial) and a dielectrié® In the

past few decades SPR has become agfalodard among labélee biosensors.

Besidethe SPRmethod high sensitiviy can bealsoachieved bynotheitechniques employing
evanescent fieldased on the waveguiding transduction princijpighesesensorsa series of

total internal reflections take plagethe secalled waveguide filmand as a resultyaveguide

modes (propagatingstanding electromagnetic wayelsecomeexcited Optical waveguide
lightmode spectroscopfOWLS) is a traditional wavguidebasedsensorthat apples zeroth

order planar waveguides (seecheme6 B). The waveguiddased techniques havédely
demonstratedheir performance in several applications, includimgsitu monitoring ofthe
construction of polyelectrolyte multilayéfs®®, adsorption of biomoleculgsas well as
monitoring the adhesion of living celfs

In addition to the OWLS technique, the recently introduced wavednsided instruments such

as resonant waveguide grating (RWG) and grating leduinterferometry (GCI) biosensors
have shown the potentials of the measurement principle in terms of high throughput and
achieving top sensitivitié&*42 Apart from the plentiful applications, an important limitation

of these techniques is that water, trapped in the analyte layer, cannot be detected, because all of
these devices are monitoring refractivearaontrast relative to the aqueous background. This
fact means that only the Adryo mass 6 analy

Analyte

Scheme7 éSPR setup and operational
Ligand __ Q) principle #°

Dextran layer SPRscansthe angle ofreflected light(Q)

Gold thin film and record the particular Q at which the

S nnpe. — intensity is minimal, owing to the generated

Prism — / surface plasmons in thigin goldfilm (light
p ,@E‘- g i T % - absorbancdy surface plasmohsBinding

of target molecules changes thefractive
index over the gold surfacand cor
sequently inducgea shift in Q. The shift
correlates with the masd target molecules
bound tothe sensor surface.

Quartz crystal microbalance (M) is a mechanical labdtee biosensothatresponses
to the deposited mass of analyte molecules or cells on its surface by measuring the shift in the
guart z cr vy sftequendyslt isabsstermemsacoustic wave biosensdrecausehe
detecton is based on generated standing acoustic waNgsh penetrate into the surrounding
media with perpendicular direction to the surfacghis technique is able to measure the
hydrated mass of the examined layers, since the frequency shift is sensiteveudaceround
water. Furthermore, viscoelastic properties of the layers can be gaimeditaymonitoring of
the energy dissipation caused by the presence of soft, hydrated films on the sensor surface.

" In effect, this measurement principle is analogous to the detection principle of evanescent field type sensors,
where the detection is allowed by a standifertromagnetic field extending over the waveguide film.
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QCM hasdemonstratedts potentials, especialljor investigating highly hydrated layers
formed by synthetic polymers or biomaterfdl¥. Fundamentals and furtheietails of the
OWLS andQCM techniquewill be introduced irSection2.4.1and2.4.2

Due to the fact thahere is a lack of availabladividual techniques capable of probing
complex and hydrated objects at the nanale dimensions, the nanostructureltathinlayers
under aqueous conditiongsll poorly understoodComplementarganalytical techniques afford
better insight into the structuaamd behavior of these hydrated ultrathin layers. The combination
of QCM data with results from optical methods is an attractive tool for characterizing the
hydration properties of thin films of biopolymers, because measuring the dry and hydrated mass
provides quantitative information about the amount of bound water inside the analyt& layer
Several applications have been presented focusing on simultaneouSBRM?and QCM
ellipsometry (ellipsometry compatible QCM moddfey. In spite of the expanding field of
combined labefree instrumentsind the advantages of wavegulaiessed methods over SPR
and ellipsometry, so far the realization of an instrumental combination of the OWLS or other
waveguidebased methawith a mechanical principle based technique such as QCM, is still
missing.However,the combired evaluatiorof data obtained frorparallelQCM and OWLS

measurementsan be efficiently used for the characterization of hydrated nanolayers as well
43,44,56

2.2 Cell adhesionand its exploration by labelfree
optical biosensors

Cell adhesion is termed as the binding of a cell to a surface, extracellular matrix (ECM)
or another cellCell adhesions an essentiglrocessn biology:. it regulates the integration of
animal cells into tissugsplays an important role in cell commuaiion and it also plays
governingcue intheevolvement of severaiseases such as canéet’ °° Without adhesion, a
program of apoptosis is initiated in most cells resulting in their death. In addition, malfunctions
of adhesin-related signal transduction pathways can leatiéarowth of cancerous tuméfts

Adhesive interactionare mediated by a family of cell surface protethsso-called cell
adhesion molecules (CMA®BYy definition CAMs arecell surface receptsmwhose interactios
with ligands arecapable ofttaching aell to eitheranothercell or to amatrix substraté!

Integrins are one of the major families of cell adhesion receptedsating multiple celmatrix
interaction8”®%. They are heterodimer transmierane proteins which are usually classified
based on the structure of molecular interactions to their ligands.
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Scheme8 éSchematic structure of the extracellular matrix(ECM) and its interaction with cells’?

Scheme 8 illustrates the interaction of cells with their extracellular surroundifdgee
extracellular matrix (ECM) is the necellular component within all tissues aadjans. ECM
is a complex meshwhk of proteins and polysaccharides that provides physical scaffolding and
mechanical suppotb tissuesand contributes to tirestructure and functiaf®* It has been
also proven thatthe mechanical characteristics of the matrix (such as stiffreess
deformability) also effeatellular behavior®. ECM consists abundant amount of proteoglycans
(group of glycoproteins), collagen fibers and soluble multiadhesive npatrigins which play
key role in organizing the other components of ECM and inla¢igg celECM adhesion!
Fibronectin is one of the most common representative of multiadhesive matrix proteins It help
attachcells to ECM by actig as a crosslinker between other ECM components (particularly
fibrous collagens) and cedlurface adhesion receptors such as inte¢8okeme8). The cell-
binding region of fibronectin incorporates repeasaino acidsequences which mediats
specific binding to integrins. Aspecialpart of such repeat is the tripeptide Agly-Asp
(arginylglycylaspartic acidsequencethe secalled RGD maotif, that was found to be the
minimal molecular sequence requitegseveral integrinfor therecognition®’
Describingthe adhesion ofells to the ECMbriefly, integrins recognize the RGD motifs of
fibronectins andthrough the integrirfibronectin (receptofligand) i nt er act i ons,
cytoskeleton gets connected withthe« M6 s col L agen fi bers

Labelfree biosensors provide a uniquarinvasivetool to cell biologyfor investigating
cell adhesioror other fundamentalusfacerelated events of living cells such sgreading,
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migrationandproliferation Using labelfree optical biosensors, cell adhestam be monitored
with particular sensitivity as it generallyads to greatefractive indexalterations at the sensor
surface®'®® These techniques providgeneric, reaktime, multi-parametric and kinetic
measuremeniot only of cell adhesion but the associated cell signaling pathways as well.
Recent advancements in biosensor ursgntations enable the combination of kigroughput
screening (HTS) and cellular assays for both biochemical interaction analysis and cellular
activity assessments of drug molecules. Such an instrumental example isid‘T‘}eS)Etem
(Corning Inc., Corning USA) that is based on th&aveguidetype RWG measurement
principle31:66.67

One of the most ecoamonly used human cell linencluding adhesion experiments well is

the Hd.a, whichwas taken oufrom themalignant tumor (cervical carcinoma) of a 31 year old
female Henrietta Lacks in 1952

2.3 Dextran

2.3.1 Structure and production

Dextran is a natural polgscharideconstructed by}(1,6) linked anhydroglucose units
in its linear chainsThe polymer chainslso comprisebranching that are linked from the
backbone -(3)aiycoside toydsde chemical structure Bcheme9). The degree
of branching i s e<lt6) borald hgghly contributiech togh¥s flexilility e
andhigh water solubilityof the dextran chaing he molecular weight of dé&ran an vary in a
wide rangdrom 1 kDa up toeven2000 kDa

Dextran is produced by a fermentation method from sucrose heticonostoc
mesenteroidelsacterum culture. TheMW of the primary dextran produist 2000- 3000 kDa
Dextrans with different molecularveights are obtained by hydrolyzation and subsequent
fractionation.

U

H H
/c:z 0 c o c? 0

HO Branching

a-1,3-glycoside bond

OH OH

OH o

HO

OH

Hay

HO

OH

Schemed éChemical structure of dextran
The indicationsm, n andk are integers, referring to the number of anhydroglucose units in the backbpne (

branching (n) as well avranchingchains(k).

13

OH

OH

n

OX
3

HO

OH

OH

Backbone
a-1,6-glycoside bonds



2 BACKGROUND

2.3.2 Applications

The intensivedextranrelateds t udi es st arted Its fisst diniced ear |
applications were driven by the Second World War, when dextran was mainly used as plasma
substituent in its 70 kDa form. Later on, the applications of dextran exptndadous fields,
for instance on food, shippirapndpharmaceutical indiry as well asanalytical chemistry. In
the 5006s dextran appear ed iatextufeimprdvingandwatert r vy ,
conserving additive.

In the field of analytical chemistrythe main application of dextrarelates togel
permeatiorchromatography (GPC), where it is used in GPC columns as separating material.

The Sephad@xdextran,Iaunchedby the Swedish company Pharmaial959 is the most

commorty useddextran product in chromatographyThe great stcesses dPharmacia can be

traced back to thenarketof chromatographynd thisgovernedthe company to become the

largest one in dextrgoroductiof®. Intheeary 0 6 s, as a coaduaedby °efs r es e
and Johnsson &harmaciaBiosensor AB dextranentered the field of biosensoas surface
coatingmaterialof SPR biosensor chip$he developmentsontinued at the company Biacore

founded under the name of Pharmacia Biosensoraki8 the launched dextraoated SPR

chips spread on the markK&chemel0)*8.

Schemel0 @mage of aBiacore SPR sensorchip
_ (CM5 type) where the gold sensor surface is
4} iacore Sensor ChiP Q coated with CMD
CMS s The image was downloaded from the webpage of
@ Biacore (General Electric Company)
(https:/iwww.biacore.cojr.

Sensor surface

Series S

It has been proven that dextraoatings areable tolimit the NSBand it can provide
appropriate support for immobilization of bioreceptors enabling to achieve better signal/noise
ratio andthusimproved sensitivity. Advanced proteiand celtrepellent ability of dextran
originate primarilyfrom its hydrophilic characteristic and mobile chaimkich provide high
interfacial entropy angignificantsteric repulsion effect (sterentropic contribution against
protein adsorptior§1& 7%

Dextranis able tadform high capacity layexwith a number of available reactive moietssng

its chainsallowing to multiply the number of immobilized biomolecules comparednto-
dimensional2D) bareor SAM-coated sensor surfacecfieme3). Another attractive feature

of dextran is the chemical robustness thasefut 0 mai nt ai n? . Mheseéatdes st ab
highly supportheperformance of labdtee assagto meet the stringent practical requirements.

Due to its inherent biomimetic propertiebiocompatibility and tailorable ECM-like

viscoelastic behaviofsuch as stiffnessjlextranderivativesand dextrarbased hydrogelsave
beenintroduced in tissue engineering3i3 scaffolds and used aECM modelmaterias’® 4,
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2.3.3 Dextran derivatives and hydrogels

Historically dextran layeraerefirst developedor functionalcoating ofchromatographic
suppors. Looking at the chemical form of dextran, the deposition generally requires the use of
dextran derivatives, amenabledoupk onto the surface. Although one can find few examples,
the coupling ohon-derivatized dextran presents a considerable challenge. Another reason for
the use of derivatized dextran is that further receptor immobilization meactsve surface
moieties. Therefre, carboxymethy] sulphe, or aldehydic dextrans are generally used at the
outset ofgrafting experiment® 8, Due to thehigh functionality, carboxymethyl dextran
(CMD) can be efficiently used to develop dexttzased layers on various surfaces and it
enablego introducereactiveanchor groups fatheimmobilization of bomoleculesCMD can
be obtained from the carboxymethylation of native dextran using monochloroacetic acid
(MCA) usually in a mixture ohqueous NaOH soluticandtert-butyl alcohol® (see reaction in
Schemell). Tert-butyl alcohol isused as csolvent in order to obstruetside reactionthe
hydrolysis of MCA. The nucleophiic subsitution reaction (Sx2) is conducted in alkalic
environment tanaintain the production afodium alcoholatgroups ordextran whichactive
centumscansubsequentlattackthe dectrophileU-carbon atom of MCAThe resulted CMD
producti or other type of dextran derivatives as wetlan be characterized by the number so
called degree of substation (DS). This value defines the average number of introduced
substitions on polymer chains referring to one anhydowglg unit. ItheDS of the conjugated
polymeris equal to ongit meanghatone anhydroglycosenit carries one carboxymethyl group
on average regarding the whole CMD macromolecle.opposed to the fact that the
theoretical DS is 3one carboxymethylain step can result in a maximum DS of around 1
according to Huynh and emorkers By asubsequent carboxymethylatiprocessDSof up to
1.5 can be finally achieved.

OH NaOH(aqg)/tert-butyl alcohol
O——CH, CI-CH,COOH

HO
HO

HOQC-C

Dextran CMD (if DS = 1)

Schemell éCarboxymethylation of dextran
In case of DS =1 every anhydroglucose unit is derivatized by one carboxymethybgrauerage

Because of théydrophlic and flexible characteristiof dextranchains dextran layers
are able tgresent significanvater uptak@ndswelling even up to-4imes of thickeningf. By
definition, hydrogels ara class of crosslinked polymers that can abatalge amount of water
owing to their hydrophilic naturédydrogels are composg®f both a solid (polymer chains)
and liquid (watey phase. Thy can be characterized ltiye swelling degree thateasureshe
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amount (mass) of absorbed water compared to the amount of dry p8tyAside fromthe
strict restrictim of crosslinking, one can say thamcrosslinkeddextran layes also show
hydrogel nature or at least hydrodige behaviot®#2

In the last few decades, the application of hydrogels have spread to a humber of fields
including drug delivery systerfi&®®, biosensorgas platform layer¥®® as well as tissue
engineeringas scaffold®® . The 3D nature of hydrogel networks, the accompanying huge
internal surface as well as the large number of conjugable sites allow to accommodate orders
of magnitude larger amount of various biomolecules than in cade sfirface®r even brush
like coatings Hydrogelsprovide a naturalike microenvironment for biomolecules that can
maintain their stabilityMoreover, a particular class,thes@a | | ed fismart o or st
hydrogels can respond to an extd stmulus by changing its particularoperty?:® The
structural similarity of hydrogels to the ECM matrix and their porous framework enable cell
transplantation and proliferatioit has been also proven thatiogy to the biomimetic structure,
hydrogels made of naturally derived polymers areearmeneficial for cell differentiation and
migration than the ones consisting of synthetic polyrifets.
Crosslinking the method that links a polymer chain to anotherasmeinduce gelatigrs the
fundamental techniqudor producing hydrogels As several dextrarelated chemistries,
crosslinking methods of dextran also originate from chromatograppicationd*
Epichlorohydrin(ECH)®*’, glutaraldehyddGA)®8, 1,4-butanediol diglycidyl ether (BDGE,
phosphorous oxychlorid® 2-chloro-1-methylpyridinium iodide (CMPJ}%1%l sodium
trimethaphosphatéSTMP)!0210% gre crosslinking agentshich are oftentimesused toform
networls of carbohydratenoleculesWhile CMPJis reactive tacarboxyl grouponly, STMP
and ECH reactwith the abundantly presentinigydroxyl groups, retaining thearboxyl
functionalities €.g.in case ofCMD) for further receptor immobilization. STMP crosslnk
carbohydrates in a phosphorylation reaction that is carriedraig basic conditiog'®® (see
Scheme 12). The reaction mainly resgltin monophosphate bonds, however, some
unhydrolyzed bphosphate and tphosphate crosslinking bonds as well as s@®edant
phosphate groups can akso formed.

Phosphate crosslinking

P % % i P90
P—0—P—0—p—0 —H®> P -+ Ho—F|>—o—FI>—o@
NaO_ O pHy ONa ONa ONa - ONa ONa ONa
P —P
o Yo
I | + C
NaO—P P=0
0" "ONa \
STMP pH<7 7 9 7 7 i i
| Fl>—o—F|>—o—F|)—0H —_— Fl’—O—FI’—OH + §’=o
ONa ONa ONa ONa ONa ONa

Schemel2 éCrosslinking of CMD molecules with sodium trimeaphosphate (STMP)
The presented scheme is based on the publication of Seker as well as LifA'&t al.
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2.3.4 Covalent grafting to inorganic surfaces

Since L°f-as and déxvam costmgen SPR sensoahid sudaeet,
dextran has become a key basenlagér in biosensorsThere is a continuous search for
efficient surface grafting methedvhich provide stable high densitysurfacebound dextran
layer with advanced\SB-resistingperformanceand immobilization capacit{f. In case of a
commercial SPR biosensohip (e.g. the Biacore CM8hip, seeSchemelQ), as far as it is
known, the carboxynethyl dextran layefwith DS of about 0.8") provides an open structure
3D matrixthatextendsoverthe sufaceup to100nmin its hydrated staté'%® Although the
amount ofsurfacedextran is relatively small (100 300 ng/cm), the high water uptake
contributes to reacha thickness of100 nm The thickness swelling behavioras well as
conformation ofconstructive chains depend on several parameters, for instasleeular
weight, grafting density(number of pinning pointsH and ionic strength of theovering
mediunt®?21%7¥ s t e r b e -wagrkers assumeddhat the best proteipellent ability can be
achievel by dextran layersomposed o$ideon attacheahainspresening the secalled loop,
train and tail conformation&>?? (see Scheme13) Touhami and cavorkers also proposed a
similar structure for thin dextran lay&sBased on former studies, McLean etaincluded
thatthe deposition of siden oriented chains ia effectmoreprobable than the formation of a
brushlike layerwith endon conformations

loop

tail

train

WA
D

N/ N
77 7,
7 // / / / / /////% Schemel3éProposed structure ofcovalently attached thin CMD layerg®

N

As dextran layersverefirst developedior SPR sensors, the original grafting method
employ thiol-basedsurface chemisis for introducingcovalent bonds betwedhe dextran
chains and gold surface ofSPR sensor chips'9112 These proceduregypically apply
bifunctional SAMs as linkercoatings(e.g. made of %;-hydroxyalkanethiol)which carrya
gold-reactivethiol groupon their one sidand anotherextranreactive group on the opposite
end of the linker moleculéfter the preparation of SAM coatinde grafting continues with
the incubation of functionalized surface with usually an aqueous solution of dextran or dextran
derivative €.9.CMD).

Lateron, grafting methods to silicaglass)based transducer surfacgsrealsointroducedin

order tofabricate dextran layers faraveguidetype optical biosensors. For these methods, the
previousy developed chromatograpyrrelated grafting tecimiques providedfoundation.
Basically,the layer fabricatiostars with thesilylation (also called as silanization) sfbstrate
surfacethat introduces covalently bound silan&ayer, ideallyin a monolayer coveragdhe
function ofthe silanebasedSAM coating is the same as described above for gold surfaces:
offering coupling bridge betwedhe inorganic sugce and organic macromoleculésnong
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the various employed silane moleculis, the grafting of polysaccharidespoxysilanes and
aminosilanes are the most popusiliane agents First Elam and cevorker$? and later the
Elender grouff described the covalent attachment oktden to epoxysilylatedsilica-type
surfacequsingdextrars with MW of 2000 and 500 kDa, respectively mainadvantage of

this mehod is that no additional coupling reagent is required since the hydroxyl groups can
directly react with surface epoxy fumns in simple aqueous reaction medium at room
temperature (RT)The highest yieldan be achieved using a dextran solutioaratind pH 10
However, since epoxylated surfaces are rather unstable at high pH values, some published
methods prefer nearly nial conditions accepting a lower reaction yield and less pinning
point$P. Although the epoxy groups are also reactive to carbtxyt4 a much larger number

of free carboxyl functionsanbe retained compared to other linking chemistries whsgthe
carboxyl moietiesonlyl n par al | el wi t $igrougPelziusand ceworkdrs E| e n d
introduced thelextranized OWLSenorchipusing the epoxysilylation meth8id. In this study,

the waveguide film made of tantaluapentoxide was silylated with 3
glycidoxypropyltrimethoxysilane (GOPS).

Efficient dextran grafting can be also achiey®daminosilane coatingsAccording to the
published method oAkkoyun et al, the tantalumpentoxidewaveguidesurface was silylated

with 3-aminopropyltriethoxysilane (APTE$) whichCMD was coupled via EDCl{ethy}3-
(3-dimethylaminopropyBcarbodiimide hydrochloride) and NHS +{Ndroxysuccinimide)
reagents'®. The EDC/NHS lking chemistry isa widespreadnethodoriginally used for the
coupling of protein molecules to other amine carboxyicarrying biomoleculesAccording to

the expectedeactionrmechanisit’ (seeSchemel4), the extremely reactive carbodiimiB®C

reacs with the carloxyl groups of CMD producingO-acylisoureaderivatives (EDC ester)
along the CMD chaingstep 1- 2, activation) This unstable form of activated carboxylic acid

is converted to a mordable N-hydroxysuccynimidyl estqNHS ester)as a result of eeactbn

with the NHS reagen{step 3, stabilization)n a subsequent step, the Nie§ercanbe easy
attacked by an amino group of the silylated surface resutiagnide bond between the CMD
carboxyl and surface amirfonctions(step 4- 5, linking). A significant benefitof this linking
chemistry is the physiological reaction conditions équeousmedium, neutral pH, R)J.
However,the pH of the aqueous reaction medium must be strictly kept around 7 as it has a
major role in the inhibition ofthe hydrolysis of active intermedierén addition, the
concentration of EDC and NHS reagents as well as to@centration ratio to the carboxyl
groups in the biomolecule solution or more specifically, in the CMD/EDC/NHS grafting
solution, are also important to be optimiZét'!° Beside the capability to employ as a grafting
method, he EDC/NHScoupling chemistrycan be also used to activate the CMD layer for
biomolecule immobilizatin. This applicabn has becoma standargrotocolin SPR&118.120
Covalentlygrafted dextran layers presegteat stabilityboth regardingthe maintenancef
surfacedextran covalent bonds aneksistance of dextran chains to hydroly#is a final step

of layer fabricationwashing withsalt or alkali hydroxidequeous solutions commonly used

to redisstve and remove nenovalently boundentangled polymer chains from the surface. It
was shown that although the washing removes a considerable amount of adsorbed dextran, the
remained layer igery stable and even a long ranggosition(1 - 3 days)to 1 M NaCl or 0.1

M NaOH solutionshas nosigrificant effect onthe layérs s %&b i | i t y
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Schemel4 éDetailed reaction stepsn the covalent grafting of CMD molecules toaminosilylated SiQ-type

substrate surface using EDC/NHS linking chemistry.

As it is indicded in the reaction schemtbe pH of the reaction mediurhas a key role in theeactio® s success
andformation of amide borgl The scheme was drawn partiatigised ora published reaction schethe The pk,

dataof NHS'?*and CMD?? originate fromprevious publications.

The grafting techniquepresented aboverovide ultrathin layers whichre typically in
thethickness range of 0:23 nmin dry staté®123 Spincoating isawidely usedbatch process
that applies centrifugal force by a rotating substrate in dalepread a liquid film on flat
substrate surfaces and produce layers wide thickness range&* A typical spircoating
process ishown inSchemel5. The thicknessnostlydepends on the rotational speed tred
viscosity ofthedepositecprecursotiquid. Typical rotational speeds reach from 1000 to 10000
rpm resulting thickness from a few microns down few nanometerdn principle a lower
rotational speed or higher viscosity resit thicker layes. Piehler as well as Linder and-co
workers deposited dextran layers in a broad range of thickness uspngcoating
techniqué’'? Including these publicationshere are only very few shared results on the
fabricationof thicker (over 10 nm in dry statdextran layersisingspin-coating.It should be
also na@ed that as a best of my knowledge, layer fabrication processes based on-toatpg
of CMD have not been published in the literature so far.
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applying the ; < 3 P - repeating to prepare
solvent solution rotating drying multilayer structure

T | B e E—

Schemel5 éSteps of atypical spin-coating proces$*®

In general, grafting methods afextrars are mostly optimized empirically and the
published results are scarce and rather confusing. Surface loadiff§s@flf00 ng/lcn? were
obtained on different substrate materials by varioepamation method%®212’ Among the
above mentioned publications, only fel@scribespecific technical details abotlte grafting
procedure whiclareincidentallynot optimizedor thesurface compositiors different Despite
the favorable features of dextran layers, at present there are no commercially adextble
coveredOWLS dipsfor biosensor applicatian
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2.4 Background of analytical techniques

In this section, various analytical techniquencluding classic surface analytical
techniques and biosensors are presemtéith togetherenabls to explore the properties of
ultrathin polymer layers witincreasedydration abilities under dry and agueous conditions.

2.4.1 Optical waveguide lightmodespectroscopy(OWLYS)

The labelfree optical biosensor OWLSses planaoptical waveguide as transducer and
the detection of refractive index changes is based on the evanescent electromagnefic field
guided lightthat is generated over the waveguide sigfaeeScheme6). The measurement
principle isillustrated inSchemel6 and introduced as follow&n OWLS sensor chip consists
of a glass suppoftlso called as substrats), thatis coatedwith a 160 - 200 nm thick Si@

TiO2 dielectric layer, a soalled waveguide filn{F), preparedy solgel techniqueThe high
refractive indexifr = 1.7- 1.8) of the coating enables the incoupled light to propagate inside
the film via thousands of internal reflectiods a result, an exponentially decaying evanescent
field is formed with penetratiodepth of around 100 nnT.he guided propagation of light
requires the excitation afiscretewaveguide modes, which is fulfilled by an optical grating
embossed on the waveguide surfalilee panepolarized laser beam illuminates the grating
from the backsle (glass support) anthe beamis coupled into the waveguide filmia
diffraction on the grating.However, in case of a&eroth ordermonomode waveguide
(commonly usedn OWLS), the excitation of guided mode only occurs if the grating is
illuminated at two certain incident angles, thecatled incoupling angle@)). The Uangles
relate tothe two polarization state@ransverse electricTE) and transverse magneti€M)
modes)f the single mode, represented by two effective refractive indisegndNmv. Using

the diffraction criterion, the effective refractive indé¥) (both forTE andTM modescan be
expressed as follows:

.. a
. _ 1
6 & OET — (1)

whereng is the refractive index of aigis thewavelength of the incident laserjs the grating
constant andlis the diffraction orde(for monemode waveguides= 1).39128

As a result, th@recisemeasurement diire andUrm enables to determiriére andNtw, which

are highly sensitive to any refractive index cly@s over the waveguide surface. While the
incident angles of the illuminating laser are scanned by a precision goniometer, intensity of the
beams leaving at the two edges of the chip slide are measured by two separate phptodiodes
which are positioned ah¢ two edgedn the recorded incident angle spectrum, two intensity
peaks appear at the two incoupling angles. A subtle refractive sidféxn the evanescent field

(10° in refractive index unit) originated e.g. from the exchangecafering medim or
deposition of biomoleculegesuls in change ofN and detunethe incoupling anglesThe
incouplingangles can beequentially recorded enabling to monitor surface events in real time
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(in situOWLS measurement). OWL&xperiments are usually performed inaqus conditios
using a specific microfluidic asseml{iow-cell andperistaltic pumpj}hatallowsto maintain
continuoudlow of asolution over the waveguide surfate
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Schemel6 éSchematic illustration of OWLS measurement setufy

Laser light (with wavelength of 632.8 nm) illuminates the sensor at a certadident angle and penetrates into

the glass supporg| and waveguide filmK). The beam is diffracted amoptical grating embossed on the surface

of the waveguide film. The light propagates in the film via internal reflections and the interfering rays excite the
discrete mode of the waveguide. The intémmelections generate an evanescent electromagnetic field that
exponentially decays in thedirection. The guided beams are leaving the waveguide film at the two edges of the
sensor chip and light intensity is counted by two mounted photodiodes at both [deg.a runningin situ
experimenta flow-cell is mounted on the sensor chip dineanalytes (biomoleculesr cell§ are being adsorbed

or adheredfrom the covering solutionQ) on the chemically functionalized waveguide surface, forming a
biomolecule layeor cell coveragdéadlayer,A). Refractive index change over the waveguide suriadecel by

the adsorption/adhesigrocessresuls in a shift in the incouplingangle for both modesat the bottomsee a
measured intensity gragimset)andsensogram (mass curva)adsorbindgibrinogenmolecule.

A standardin situ OWLS experimentnvolves three phasedaseline, adsorption or
immobilization as well as washing phg&ehemel6, bottom grap)t®. The experiment starts
with the flow ofanalytefree solution(usually a buffer or pure water) order to condition the
surface anda achieve a stable baseliffeaseline phase)n this experimental sectioas the
refractive index ofcovering medium(nc) is known (orit can be simple measured using a
refractometer)the recordedNte andNtv data dlow to determingwo parameters using the 3
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layer mode equatidff, the refractive indexng) andthickness @r) of the waveguide film. In a
subsequent experimental stégdsorption/immobilization phasea solution ofandytes is
flowed over the sensor surfacesultingin a signal shift. The shift derives from a refractive
index change in the covering medium and additionally ftbexdeposition of biomolecules.
The experiment ends withbufferflow (washing phaseyhichis applied to remove the loosely
bound molecules from the surface anddhievea stabldinal signal. The contribution of the
added biomolecule layer to the detedied andNrw values (adlayerA) is considered in the
4-layer mode equation that enabtescalculate the thickness aaderagedefractive index of
the adlayerda andna, respectively)if nr and dr were previously determinedn case ofa
homogenoussotropic and thinda << g adlayer the equatioms givenasthe following'?2,

. CA .
A e — € 0 Q 3Q
L 6 & s o & 2
AOCADA oy AOA@@—I —_—
& & 0 4 & € 0
wherequr is defined as
‘ 0 0 b
8 ~ ~
30 Q- L (3)
N 0 0
I S

In the above equationg = 1is usedfor TM polarization ang = 0 for TE polarization mode,
ns is the refractive inelx of glass support and represents the mode index (in case of mono
mode waveguides = 0). The above mentioned@yer modeequation is a reduced version of
Eq. (2) considering thagms = 0.

To sum up by applying two modes and measuringfie andNmwv effective refractive indices
one carsimultaneouslydetermine two parameters of the adlaygrandda. This fact gives a
relevant advantagever the SPR techniquevhich canprovide only one parametdéhat is
subsequentlgorrelated with the surface méss

The mass incremetttat originates fromhie adlayer can be directly calculated fromandda
using the de™Feijteros formul a

Q¢ ¢

RETAG 4)
whereMa is expressed by surface or areal mass density e.gtheitimension of ng/crhas
well asdn/dc representghe refractive index increment ahalytein its soluion (this value can

be simply determined by refractometric measurements of analyteoseluteparedat different
concentrations)eg. for proteins, a value of 0.182rg can be generally us€l
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Applications of OWLS asspecialized analytical device ienvironmental andood
analyticshave been demonstratéti®3 however, the potential of OWLiSprimarily exploited
in the field ofresearch. OWLS has been extensively reported to be arfudvinethodfor
investigating the behavior of biomolecules at surfaces, charaatgritayers made of
proteing31341350r various types of other biomolecuté&!®” and synthetic polymer$-138 or
additionally,for measuing the adhesion of livingnammaliancells*®12°13%nd bacterig®14
In situOWLS measurementsot onlymeasure théhickness, refretive index and massf the
remaining adlayer but the obtained datalso enable tocharacterize thdime-dependent
behavior of surface layeet the nanoscalés thewhole deposition procegsan bemonitored
the collected datevolve kinetic informatian as well Using specific kinetic models, data such
as adsorptio and desorption rate constaats well as footprint area of single biomolecules
deposited on the surface canabesimultaneouslextracted*?143

The de Feijter formules based on the experimentally determiadthyermrefractive index
with the presumptionof the 4layer modeequation,that theadayer is homogeneous and
isotropic.If theadlayer is constructed from molecules with oriented conformatierprdered
structure results in optical anisotrogayd one can experientteeso-calledopticalbirefringence
(or double retkction) in the adlayerin case of a birefringent material, refractive index is
decomposed intordinary (a,0) and extraordinary refractive indices ¢) and the ratio of these
two optogeometricgbarameters defines the sign of birefringencgny twoexcited waveguide
modes three parameter&a, nao, Nae) Of a birefringent adlayer cannot lsemultaneously
determinedonly da andan averageda can becalculatedThere areonly few methods (such
as polarized visible attenuated total reflecépectroscopy?) whichenable talirectly measure
the twooptical anisotropic parametec§ molecules on the surfacheverthelessdeductions
from the OWLS results using the homogenous isotropdelcan alsgprovide a chanceo
efficiently characterizéghe adaye® s n a n ois siton wndet agueaus conditionsven in
case of optical anisaipy'“®. The sensitivity of OWLS to anisotropy originatesrfrdhe two
detectedwaveguidemodes. In brief, when th&E mode propagates in thedirection (he
defined coordinates can be also seeBdhemel6) the generated evanescent electric field has
only y vector component (parallelith the sensor surface), hence @& mode is sensitive to
therefractive indexchangesn they direction only TheTM mode has an electric field with
vectorcomponentenablingto sense the refractive index in théirection perpendicular to the
surface)t4>:146
It was showrby Horvath andRamsdetf® that he valus of na and da allow to determine
whether the molecules are forming an optically isotropic adlayer orateeiyn an ordered
conformationthat means an anisotropic ca8ecording to thgseudeisotropic(or also called
as quasisotropic) analysis when the structure isot homogeneous and isotropiane can
observeunrealisticna values (if the 4ayerhomogeneousotropicmode equatiofs used}*®.
The assumption of anisotropic structure by the calculated valyehafs beenvell establishd
for flagellin protein layers®and for solid supported lipid bilayéfé1* The adlayer refractive
index calculatedor this pseudasotropiccaseover or underestimates the averaged refractive
index of the adlayemg), depending on the sign of birefringer{fseeSchemel?). In case of a
negatiely birefringent adlayerra,o > nae, Oriented structures parallelwith the surface) an
overestimatedna can be observedwhereas underestimatath originates from positive
birefringence fao < Nae, Orientedstructureis perpendicular to the surfa¢) Based on these
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considerations, thex determinedby OWLS measuremesitan be an indicator of birefringence
in the examined adlayefhe extent of underor oveestimation correlates with the extent of
anisotropy, thus highly ordered films can accompany with such a high anisotropthethat
resultedna is obviously unrealistidn spite of theunrealisticna andda values from the 4ayer
homogenoussotropic OWLS model, valid and precist canbe calculatetbased ortheerror
compensationf na andda in thede Feijter formul&®.

A underestimated n, B overestimated n,
nA‘o < nA,e

Schemel7 éEffect of oriented structures on the adlayer refractive index measured byOWLS

lllustration A showsthe case opositive birefringencépolymer chains are perpendicular to the surfasbjle B
represent@ negatiely birefringent adlayerchains are parallel with the surfac&@he propagating light in the
waveguide layer and the generated evanescent field over the waveguide surface are also depicted.

2.4.2 Quartz crystal microbalance (QCM)

QCM is a labeffree mechanical biosenstirat applies a resonamiezoelectricquartz
crystal as transducek.QCM chip consisted ofreAT-cutquartz crystadlisk thatcarries planar
gold electrodes on both sidgxhemel8). The appliedAC voltage is pulsed across the crystal
via the gold electrodesesultingin a shear mode oscillation in the crystal (piezoelectric effect)
at its fundamentalesonancdrequency (5 MHz)The oscillation generates a standjigne
wave (so-called acoustic wave) that propagates across the ciydtain a directionthatis
perpendiculatto the surfacé?®!>° Beside the acoustic wave at the fundamental resonance,
overtone waves cabe alsoevolved. Only ganding waves related to odd overtones can be
excited, described by the odd overtone frequer(Gigas follows:

N E—— &- (5)

wherenis the overtone numbén=1, 3, 5, 7 and so on)is the velocityandais thewavelength

of the acoustic wavas well aslg is the thickness of the quartz digke penetration depth of

the acoustic wave idepement on the overtone number. In water at 5 MHz, the penetration
depth is apmx. 250 nmdecayng with theincreasingpvertone numbei(seeSchemel 8 C).1°

The penetrating wave is sensitive both to the mass and viscoelastic properties of a deposited

"The quartz disk was prepared by cutting from®a quart
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adlayer or tahe exchange of covering mediua.g. air to water)Added mass on the surface
detunes the resonance frequendiggénerating detectablesfijuency shiftscff,) and indutng

a change in the decay characteristic of the penetrating wave that can be expressed by the
dissipation factor @) or its shift gDn) for odd overtonesas well QCM allows to
simultaneously measure bdttef, andD, parametersSince viscoelastic properties accompany

with energy dissipation, the measur@d signal provids direct information abouthe
viscoelastic behavior aholecules on the surfa¢€chemel8D).

Resonance frequenciesnd dissipatios are usuallymeasuredby two types of reault
techniqusin QCM devicegSchemel9)1°%152 (i) using impulse excitation method (also called
asringdown met hod) with the measurement of the
excitationwasturned off, or ii) by impedance amgsis using a network analyzer thmeasures
thefrequencyspectum of the recordedmpedance

. e AN

Rigid Soft

Rigid
Soft/Viscoelastic

8=Decay length

Frequency signal

Dissipation signal

Time
Schemel8 éV easurement principleof QCM 149152

lllustrationA shows the formation o standing waveenerated as a result of pulsing tangential deformations of
the quartz crystal by an applied AC voltggig(identical todg) denoteghe thickness of the quartz disk as well as
ais the wavelength of the acoustic wavB)and C represents the propagatiofh the acoustic wave and its
penetration into the covering liquid phase. As it is indicated in figuréhe penetration depth decays if the
resonance frequencfy)increased?® GraphsD representhe effect ofa soft materialon the measureflequency

and dissipation signals in case tbe ring-down type readout method used in QECM(downloadedfrom the
webpage of Qsenseww.biolinscientific.com/gsenge?.

The widely used QCM instrumentith the trademark of QCND (also named aQCM
with dissipation monitoring)commercialized byQSense (Biolin ScientifidcHolding AB),
applesthe rirg-down methodseeSchemel8 D andSchemel9)1531% |n this case tedriving
voltage is intermittently switched off and tlaenplitude of the recorded oscillation decay
(measured electricurrent as a function of timé fitted using the parameters of decay titde (
and frequencyf], providing the dimensionlesguantity ofdissipation D):
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A QT ¢ O ©)

whereQ denotes the quality factorEdissipatediS the energy dissipated one oscillatory cycle

and Eswored IS the energy stored in the oscillating systeéviiscoelastic properties of an
investigate layer deposited on the sensor surface can be characterized by the measured value
of D156 Thef andD dataobtainedatthe fundamental remance and oddvertones allow to
deducehe mass andiscoelast characteristic of the resonating crystal and overlayers on top.
The analysis i®ased on contimum mechanical models, most commowlythe VoigtKelvin
modelthatwas implemented in the QCNata analysi®y Voinova and cavorkers®’.

A trigger B
oscillation decay excitation
§ 5 unloaded
% ”"" l < §__
§ | ‘ i ' ””””"W IW llll'I'l'l'l'l'llll"""""‘ ................. | %
: mmmlmnm =t
excitation ) :
Time (ms) Frequency (MHz)

Schemel9 éComparison of readout methodsapplied in QCM measurement&5:158
A: ring-down methotf®, B: impedance analysfs.

In contrast to QCVD, QCM-I appliesthe impedance analysis @asadouttechniqué. In this
case, impedancgpectra(impedance or conductance vs. frequerarg) recordedboth for the
fundamental anddd overtone frequencigand the spectra are fitted by resonance cumwis
varyingFWHM (full width at half maximumindicatedalsowith 2{) andf parameter§Scheme
19). As it has been shownith the electric circuit approach developed by Jolsaranit®:, the
formulaqai/gf can beassociatedvith the viscoelastic properties of the crystatl its covering
layers Thus data obtained frortheimpedarce measurement technigoan be also evaluated
with aviscoelastianodel According to this approachisdipation can be expresseih the
parameteas follows

0o 0 5 (7)

It has beeralso show that the impedance spectrum is simg@yrievable from the oscillation
decay by Fourietransformatiof®®. As a result the twoD values obtainedfrom the different

" QCM-I means QCM with impedance analysis. QCM also a trademark, owed BicroVacuum Ltd
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readout methods (QCM and QCMI) are actually identicaZhang et al. pointethatthedata
recordedby a QCMD instrument can be accurately evaluated in terms of the viscoelastic
properties by the equivalent circuit appro@&and vice versahedata recorded with a QCM
| setup can be evaluated using the Vdugsed model.

The simplest modethe secalledSauerbrey equatiagivesa linear relationship between
the normalized frequency shifif/n) anddepositednass per unit areadia)*>*

) 6= (8)

whereC is the mass sensitivity constant which is dependent only on the physical properties of
thequartz crystaln is the overtone number and, refers to the frequency shift at tirhé(t =
0) - f(t)) of the givem overtone Instead otgMa, hereafter the calculated mass will be indicated
with Ma.
Several criteria arbeld necessary in order to accurately use the Sauesdayegtion (i) the
added mass on the electrode surfagwenly distributequniform) andits amount isnuch less
than the quartz crystal itselfji) the massis rigidly attached without any additional
deformations caused by the crystal oscillatiand finally, (iii) the oscillation should be
performed in vacuum (or in aity®**°Although theassumptionare not strictly fulfilled in most
cases(primarily the last two oneshnd maintaimg all of them isactually unrealistic, the
relationship can be used with reasonable accukdawever, in case diighly solvated and/or
viscoelagt adlayers which are very commoamongbiomaterialg the direct proportionality
is brokenIn order to perforna quantitative evaluationmodelswhich consider the viscoelastic
behaviorsuch as t he Varerquredgdlhere assdsosanteisimplepialitative
data representation methodhich are usefulo estimatethe adequacy of Sauerbrey equation
in termsof the investigatedadlayer For instance, a significantedendence ofd+/n on the
overtone numbesuggests viscoelastic caser the magnitude of the vals®f qDn are also
good indicatos.16% 162

The Voinovaods \wutlizehotle theanseasuregf, andqDe ih order to
determine the thicknesdx), shear viscosityda) and shear elastic moduliue) of theformed
adlayer(or in special cases of multiple adlayeii§ the mass density of the adlayer is known
(1A). The deposited mass can be calculated from the resulted umlfatfmckness using the
known density:

0 Q” 9)

The model equations and theneral evaluation process are present&theme20. The data
analysis is based oan errorminimization fitting method. In brief,gqdn and qDn» data are
computed from the model equations using given valuel,afsa andea parametersThe task
is to find theset ofparameter valuethatprovidest h e fida andgiDodatawhich overlap
the measurednes (or more preciselyyhich give the minimum of the error functiorc?
constructed from theifferences of thecalculated and measureldtg. This analysis can be
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performed forin situ measurements as well, fitting the recorded data at each measurement
timeSO,157,163

Viscoelastic model

m _ {_ Wn2pa 40 _ .(wnpg) 1
(Ps, Ns) & Ua + iwyna £ & : N8 o
. Polymer layer
g = (da, Pas Nas Ha) Na —iua
do Quartz crystal ( :)( Wn1g ) i (12)
(da, Pa) $1) (@alls — ikt
_— (f )( (‘f’nnB A) !
_» [@nna —ipa\ |1 — @ exp(2§1d,)
=& ( Wy, ) [l + aexp(2&1dy) (13)
=)
Af, =Im|——— 14
w = 27f, L (Z“Podo e
n=1,3,5,7,.: B
AD, = —Re|———— 15
e(“fandQ) ( )

Calculated
Af"C ADIIC

Using the fminsearch MATLAB function

(Aﬂz Afnc): (ADnm i ADnc)z Measured
+ 7| (16) m m
(StdAf ) (Std.w,.,"‘) Afa~ AD,

min(y?)

k
x:Z

Adlayer parameters
Thickness (d,) Shear elastic modulus (u,) Shear viscosity (17,)

Scheme20éSchematic representatiorof the viscoelastic evaluation of QCM dataisingtheVoi novadés model
equations

In the inset figure on the left upper side, one can see the structure of the model where the QS€ddedipd by

one viscoelastic film consisted tfie deposited polymer chainghe equations of the VoigtasedV oi nov a d s
model®” are involvedin the scheme, whene, anddg denotethe density and thickness of the crystalanddg

are the density and viscosity of the bulk liquid as welt as the angular frequency of the oscillation at a given

n overtone. The thickness, density, shear viscosity and shear elastic modulus of the examined adlayer are
represented b, J 4, da and s, respectively. In the calculation of the error funct@ngd,™ andod.* as well as

g™ andgD,° are the measured and computed freqigmas well aglissipations, respectivelirhe std values

belong to the standard deviations of the measured frequencies and dissgiatierbaselines well ask denotes

the highst overtone number.
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From an experimental point of view, QCM is a very similar technique to O\®ti®me
21illustrates a QCM setup workingunderin situmode.A flow-cell is mounted on the sensor
surface and by theequentialrecording of resonance spectra (QCM and simultaneous
extraction off, andDn data,in situ monitoring of surface events liguid phase conditionsan
be achievedA standardn situ QCM experiment runwith the same experimental phases as in
anin situ OWLS experimen{Section2.4.1).

B y

RESULTS
Viscoelastic properties
Wet & dry mass and thickness
Hydration degree

P— (. -

I

- A
Dl & ,
n 038 | OWLS
w07 measurements
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== I % 0.6
C Network g o
etworl 0.4
_’ i)
analyzer S 03] ' .
I O ¢2] f3 (n:lax) Vlscolela§t|c
1 01 ' v analysis
14.9895 14.9913 14.9931 14.9949
f (MHz)

Scheme21 éQCM -1 measurement setup and data evaluatioprocess

In the QCMI instrument A), the solutioris flowed intoa flow-cell (enlarged in imagB) that is mounted on the
surface of the sensor chi). The lateral vibration of the quartz crystal generates standing acoustis avtve
specificfundamental and overtorieequencies, and the wawpenetrate into the madn over the sensor surface.
QCM-1 measures the frequency spectrum of the conductance by using a network analyzer (from the measured
conductanceimpedance can be thereafter obviously determinedjraphD, an obtained resonance peak is
demonstratedround the third overtone resonance frequefayTiwo parameters are quantified by fitting the data
points: full width at half maximumHWHM or 20), proportional to the dissipation as well as resonance frequency
at the peak maximunfz((max)= f3). The mpedance analysis is performed for each overtone at each measurement
time, and the obtainedata provide the basis oflculations with the purpose of determinithg surfae mass
density as well agiscoelastic propertiesf the adayer. Complementing th@ CM-I results with mass data from
OWLS measurements the basis of determining the hydration degree of the examined polymer layers.

QCM has becoma powerful tool in theaesearchof soft and solvated materials and
interfaces.While the measuredlissipatiors and frequencies themlves providequalitative
information about the solvatipthe calculated mass enables to quantitatively characterize the
adl ayer 6 QCMand optima biosensolike OWLS or SPR are often used on the same
targets(adsorptionand bindingof biomolecule$-153164 adhesion of living cell§>1%9, since
they areexcellent complementary technigquén the measurement of solvétéayers (see
Scheme22).
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ABOIbEd EYoM Laves Scheme 22 éDetectable mass(and thick-
‘ ness) of an adsorbed protein layer in
OWLS and QCM measurement$3

Shear Plane
a—— —

. h,
“Dry” Protein Layer Q C M

Optical biosensortechniques are fundamentally not sensitive to coupled or trapped solvent
molecules, because they do not have distinctive contribution to the effective refractive index
comparedto other solvent molecules in the bulk phase. Consequently, when the data are
corrected with the recorded baseline, the coupled solvesdlgeteliminateéa nd onl y t he f
deposited madsasdetectablesignal.In contrastQCM has the great potential thi&iprovides

information about the solvent inside the layasit measures all the mass thecillaies with

the crystaland oscillates contrary to the bullicluding the deposited mass of biomolecules

and solvent molecules bound to or confined in khemolecule adlayerHowever, this

combined mass cannot be uncouplethéomass of dry adlayer anthe mass aboundsolvent

molecules The solvating mass and solvationhydrationdegree {a) can be determined by

combining the optical (e.gVa®"5) and mechanical(Ma%“™) mass data in the following
way>3°6

. pmT 17

2.4.3 Fourier-transform infrared spectroscopy (FTIR)

Infrared (IR) spectroscopy is based on the excitation of molecular bdndtionsby
electromagnetic radiation. The excitation energy is in the wavenumber range of 12560
1 which belongs tahe infraredsectionof the electromagnetispectrum. The transmittanee
wavenumber spectruns derived from the measurement of lightensity after and before
passing through the sample. The transmittance can be siompltgrted to absorbanspectrum
by the following expression:

. Fe 1O
6_ T lg (18
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where A(3) represents the absorbance spectriing the transmittances well aslo is the
incident and is the transmitted IR beam intensify.

IR spectroscopy is used to detspecific functimal groups of chemicals apdimarily to
obtain qualitative information about thechemical compositiorof a specific sampleThis
applicationis supported by the principle, that IR photons are absorbed at specific eneggies (
wavenumbers) which are réta to vibration bands of molecular functional groups. Using a
suitable database, these characteristic wavenurabievs to identify functional groups in the
examined sampleModern Fourietransform infrared spectrometers produce the spectrum in
two stepswhich involve the recording of an interferogram and its conversion to a conventional
energy spectrum by mathematical procesd Fouriertransform.ln case of theneasurement
of solid samples the powderedsampleis usudly pulverizedwith the powder ofan IR-
transparent material (usually with KBrdrom which atransparent pellet is formed under
pressure.

Attenuated total reflectiofrouriertransforminfrared spectroscopyATR-FTIR) is a
sampling technique that is based on itindtiple total internal rélection of IR beam passing
through an internal reflection elem&hRE) the sacalled ATR crystal, which is in contact with
thesampleBy absorbing IR photons at specific wavelemsgthe sample attenuates the incident
radiation troughthe evanescent fld that has been generatby the serialreflectionson the
crystal surfacépenetration depth: approx.@m). During an ATR-FTIR measurementhe IR
beamis coupled out at the opposite end of the cryatadthe attenuated portion of the incident
radiaton is determined at certain wavelergyirovidingthe ATR spectrumt®”-18The thin film
of interestis fabricatedusuallyon the surface of the ATR crystal. As a result, IR spectrum of
thin films can be obtained by the ATRIIR method.

2.4.4 Spectroscopicdlipsometry (SE)

Ellipsometry is anon-destructiveopticaltechnique foithe characterization of interfaces
and films between two media. It measures the polarization transformation thatwheuis
beam of polarized light is reflected froor transmitted throughninterface or film.The term
ellipsometry originate from the fac, that polarized light often becomes elliptical upon light
reflection'®®1"°The measurement principle of ellipsometry dhe bast configuration of a
spectroscopic ellipsometer can be seedciseme23.

Thefundamentaimeasured quantityf ellipsometryis the complex reflectance ratio

— (19

where ¢; and ¢ represent polarizatiorstate of the reflected(r) and incident(i) beam,
respectivelyln case o common samp)eéhe equation can be simplified to

an
an

|

il
il
8
O

AT (20)
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Here,tanY is the ratio of the reflectedhd incident polarization states well agpis the phase
difference of the reflected and incident phasearfdu, respectively). The two parameteis,
and gpare calledellipsometric angles whichra theindependenexperimentally determined
parameters of an ellipsometric measuremémt.case of spectroscopic ellipsometithe
wavelength speatm of ¥ andais measured®%17!

Sample

Scheme23 éMleasurement principle of ellipsometry™®
E represents the electric field strengtittorfor the incidenti]) or reflected i) beam inp- or s-polarization states.
The reflection of light on the sample induces a change ip-taeds-polarization states@. incident angle).

The complex reflectance ratio is a function of the wavelergytand incident angle@@) of the
illuminating beam as wklas it is a function of sample structure anpghysical properties,
including the thicknessedd)( and refractive indicegi.e. dielectric functions)n) of the
constructive layers. Thiglationshipcan be expressddr multilayered sampleas follows:

CrRBR QB oL

(21)

The expression incorporates + 2 discriminatedmedia (covering medium, layer(s) and
substrate), where the subscipefers to the covering medium (environmeag well asn + 1

to the substrateespectively

The wanted data aabtained indirectly byheanalysis of usingsufficientoptical moded. As

J} can becalculatedboth from themeasuremerdnd from a theoretical optical model based on
the Maxweltequations, one can presume that ipdssible tondependentlyeconstruct the
measuredY(® andqgia) spectrawith the knowledge ofa set ofmatchingsample parameters.
Based on this principlehé Y(8) andgia) spectra arditted usinga regression method, where
the unknown layer parameters of the optical model equations are varied with the goal of finding
the besoverlap (fit) of the measured and calculated spe¢tiss method requires a proposed
optical model of the sample with relaiy close presumptioaf the sample structure and layer
parameterga priori knowledge about the sampld)he evalation method is schematically
presentedn Scheme24.
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Scheme24 éSchematicdiagram of the evaluation principle of
ellipsometry?1°

The wanted sample parameters (such as refractive ifrjex
extinction coefficient K), roughness and layer thicknesske
obtained by fitting thexperimetally measured data (Exp. Datz
using an optical model which is able t@oastructtheyY and
spectra.

Measurement

T
m. Data

L >
. Comnnare and Mateh

Compare and Match

Generate

thickness i

roughness % \_

The fitting process uses the minimization of éneor function (mean squaterror (MSB) that
is expressed as follows:

- 0 —L - 22
3% = 5 ( )

Here,N is the total number of data poingjs the number of fitted (unknown) parameters in
the optical modelflpandly are experimental errocs the corresponding ellipsometric angles.
Subscripf denoteghe particular Y andgodata at onspecificwavelength. Superscripts and
c denote the measured and calculated data, respectitely.
Spectroscopic ellipsometmneasureshe refractiveindex as a function of wavelengtiMost
commonly,the refractive indespectrums approximatedy the Cauch§y squation:
b .,
. o)
€ _ — (23

whereB; are paramet values.
The equation is usually simplified tbreeparameters = 2) defined byA, B andC:

o (24)

In a given fit, all the three parameters carubed as varied parameters.

Though dipsometryis traditionally appliedin the field of semionductor technologies, itas
beenalso emerged in the characterizatiorsgfithetic polymerg? and biopolymers such as
protein’41">and carbohydrate layérs
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2.4.5 Atomic force microscopy (AFM)

Atomic forcemicroscopy is a membef the family ofscanning probe microscggSPM)
techniques It is an efficient tool for imagingvarious types ofsurfacesat thenane and
microscale level. It can be used in theagingof topography andheasurment ofnanomaterial
propertiessuch as elasticity, adhesion, friction, electrical properties and magrétigime
imaging can be performed thia resolution dowrotthe atomicscaleandforces with naneor
pico-Newton resolution can be alszeasured

Generally, AFM consists of foumain elementgseeScheme25). (i) The AFM probe is
used to directlyifeelo the force between the probe and sample probe incorporates a sharp
tip (with a radius of curvature less than 10 andwith a height o6 Om) located at the end of
atypically 100- 5000m longmicroscale cantilevef’ (i) The piezo scanner precisely congrol
both the lateral as well agrtical probeandsample positiongiii) Thefeedback control system
is applied to precisely adjust the predmmple position when scan is runningThis system
establiskesa continuous detection of positiosingan optical detection method@lhe detection
systemincludes a laser diode, a positisansitivefour-quadranphotodetectqgra controller and
a feedback circuit(iv) Additionally, the software controls the operational parameters, it can
display and analyze the data.

During a running scan, the tip interacts with the surfacetlamadantilever bend$iroughthe
attractive or repulsive faes The laser beam is focusedtotheback of the cantilever antis
reflecied to the photodetector. When the cantilever betidsJaser beandeflect from its
position on the detector, thus the genergtbdtodiodevoltage is positiorsensitive. This
feedback signal enabldbke tip to maintaina constant force or catant height over the
samplet’® AFM is usually operated in contact mddee tip is in direct contact with the sample)
nortcontact modéthe tip is heldat5 - 10 nm over the surface) tapping modé¢acombination
of contact and negontact mode)-orthescanning obiomoleculetypesurfacestapping mode
is the most commonly use@vorking mode AFM is primarily used for qualitative
characterization of suates, neverthelessome semguantitative data can be also extracted
from the captured images. Such data is the surface roughimess usuallydefined as the root
mean squared average of the profile height deviations from the medndinated afrvs'’®
Besides the characterization of inorgansurfaces (e.g. semiconductensd ceramics) AFM
has also demonstrated itpowerful capabilitiesin the measurement afynthetic polymers
polyelectrolyte$™, various types of biomaterials (biopolymers, such as carbohytfhtmsd
biointerface&! as well as tissiseand cell€?).
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Scheme25 éThe principle of AFM measurement$83 185

A: instrumentatiof?3, B: electronmicroscopimage of @ AFM probe (downloaded fromww.nanoworld.coiy®
C: measurement modeepresented bthe used sections of tHerce curve thais generatedvhenthe tip interacts
with the sampl¥®,

2.4.6 X-ray photoelectronspectroscopy (XPS)

X-ray photoelectron spectroscopyused taneasuréhe composition of surfaces and thin
films. XPS is able to provide both quantitative data on the elemental composition and
gualitative data on chemical states of elemeXi&sS can measurall elements of the periodic
table though with strongly different sensitivities.

XPS is based on the phenomenoplubtoionization. The sampleirsadiated anexcited
by x-ray photongwith the energy range d50- 15000 eV)and thegeneratd photoelectrons
areseparated according to their kinetic energies, as they are escaping the sample with different
velocities. Thedetector counts the number of electrons at the separation energies providing an
electron intenity - kinetic energy spectruXPS spectrum During the photoionization,-ray
photonseject electrons from theore shellsallowing to examinethe electron structure of
elementsThe penetration depth ofray photons is 10 Om, however thénformation depth
(~ 3 nm) of the spertscopy is determined lige fact thaphotoelectrons can escamay from
the topatomic layerof the sample, providingoodsurface sensitivity.

Instrumentally, an XPS measurement recgarexray sourced.g.Al anode), an electron
energy analyzer (spgometer)detector, vacuum systeas well aslectronic controhnd déa
processing system (computdv)easurements are carried out under thigh vacuum (UHV)
where the pressure is belowlbar.A schematidllustrationof an XPS instrument is shown
in Scheme26.

The acquired kinetic energy spectrum can be simply converted into a binding energy spectrum
by the followng equation:
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O o © (25)

whereEg andEx refers to theexcited atomic binding energy and photoeleckioretic energy,
respectively,h3 denotesthe exciting photon energy (s the Plancikconstant ana is the
frequency of radiation) as well asis the work function incorporating the generated contact
potential.
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Scheme26 éSchematic illustration of an XPS instrument®®
This scheme illustrates a monochromator equipped instruttemtinstrument applied in the thesis was not
equipped withit).

Sinceatomic bindingenergiesare particularly characteristic to each element, the observed
binding energies of a peattentify the atomsThe integrated area of a peak is proportional to

the amouh of the corresponding element, allowittgdetermine the elemental composition of

the sample (quantitative results). In addititbre, observe@eakenergycan be shiftedccording

to the chenical state of the excited atofBy this chemical shift, ecific oxidation states of
chemically bound atoms can be also identified (qualitative resuit€oombined cases, the
measured complex peak shape can be decomposed into subcomponents of different chemical
states.

37



2 BACKGROUND

2.4.7 Characterization of surfaces by contact agle (CA) measurements

The shape of a drop of liquid deposited on the sadigorinterface is determined by
surface tension) at the three interfaces: tiselid-liquid (osv), liquid-vapor f.v) as well as
solid-vapor fsv) interfaces The contact angléCA, Q) is defined geometrically as the angle
formed by the intersection of the SL and LV interfade equilibrium, the relationship between
the surface tensions can be expressed by the Yeguegion as follows:

1 1 AT-© (26)

CA valuescan be acquired by capturing the droplet profile and applying a tangent line from the
contact point (intersection of the SL, LV and SV interfaces) along the LV interface (illustrated
in Scheme27).

TheCA is a quantitative measure fifrface energetics ameetting properties of solid surfaces

by liquids®7188f water is used alquid droplet (water CA measurementtle determined

CA values allow to deduce thgdrophilic/hydrophobic characteristic of surfactse lower is

the CA, the more hydrophilic is the surfatecase oftie most common sessilieop method

the liquid droplet is deposited onto the flat surfaod thedropletprofile is captured using

digital cameraThe doplet shape is usually analyzedfiiting the profile of thedrop. Beside

static CA measurementas, series of captured images after drop deposition can be used to
evaluate thespreadinglynamics onsurfacesDynamic CA measurementsearelevant in case

of e.g. surfaces of hydrogbhsed layers which can absailgnificant amount ofvaterfrom

the drop.

® <90° ® >90°
tangent
L 2 c Y /@)—.\
YsL

Scheme27 éDefinition of the CA of aliquid droplet on solid surfaces

TheCA (Q) can be defined by treontact poinC at the thregohase boundary of the solid (S), liquid (L) and vapor

(V) phases. The corresponding interfacial energies (i.e. surface tempiaresalso indicate€CAswellb e | ow 90 A
(0<< 90A) refer to high WettabA)itefeCAsowebWw wbotvabbl
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As it has beershown inChapter 1, there is a huge need the field of biosensorfor
stable, reproducible anefficiently conjugablebiofunctional layers with great NSEesistant
ability. Despite dextran has become a basateinrepellentmaterialwith high immobilization
capacity forbiosensor applicationshereare still no commerciallyavailabledextrancoated
SiO-TiO2-type OWLS sensor chipsand detailed preparation methodsas well as
characterizationare missing fom the literaturelt is also worth highlightinghat the structure
of dextranbased layergspeciallyin aqueous conditiongs also poorly characterized and
understood. This lack available dataan be explained bthe highlevel hydrationof such
layers thatstronglylimits the number of analytical methaaspropriatdor theinvestigations

In the present researcimy aim was todevelop covalently graftegroteir and celt
repellentcarboxymethyl dextran (CMDlpyerson waveguideype (SiO»-TiO2) surfacesfor
biosensor applicatiorend celladhesiorexperimentsAn essentiapurpose bmy work was the
profound characterization of the developed layers in terms of composition, structure and
structuralalterationgn different environmental conditian

At the beginning ofthe work, the starting purpose was to @gat a CMD synthesis
proceduren order to produce CMD with the required quantity and degree of substifation
subsequent layer fabrication experiments. Using the synthetized QwB®d4ypes 6 layer
fabricationmethodson silicabased inorganic substrate®re appliedo obtain CMD layers
with varyingthicknessand mechanicgropertiesA major part of my work wadevotedo the
preparation ofultrathin CMD layers(hereafter termed as CMOt layers) with a few
nanometere thicknessTo achieve this goaimy plan wado usedifferent silylation methods
and surface chemistridsr layer preparationin addition,my aim was also tdevelopCMD
hydrogel layergreseting varying thicknessvaluesover 10 nmin dry conditions For this
purposemy planwasto developa novel CMD layerdbricationmethod that relies upathe
layer preparation processes of chemical crosslinking and-cepiing (hereafterthe
abbreviatim of CMD-sc is usedor thesdayers).While the classicalbioassaytype) biosensor
measurements demand basically ultrathin layers for sensitive detections (limited penetration
depth of the evanescent field), eblised experiments usually need thicker layers (thickness is
several 10 nm or thicker) with greater hydration abilities piiagiduitable mechanical support
for retaining cellular activity. Accordingly, whildne CMD-ut layers were intended to use later
in classicalbiosensor measurements for biomolecule detectiom CMD-sc layers were
developed for celbased biosensor exparents.

My aim was toback upthe prepeative methodologie®y a wide range of grface
analytical techniquesyhich offered both compositional and structurdbrmation abouthe
fabricated layersn dry and aqueous conditiank order to characterize thsructure and
structural alterationsf CMD-ut layers in agueous environmeartdobtain kinetic data olayer
formation, the biosensoitype in situ OWLS ard QCM-I measurement techniquesere
employed Parallel measurements with these two |€bet method offered to gather unique
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information about the deposited mass, thickness, hydration and viscoelastic properties as well
as preferential chain conformation also from a kinetic aspearder to analyze the QGM
data in terms of viscoelasticityny aim was todevelop an evaluation codmd graphical
interfacein MATLAB E programming environmenky plan wasto validatethe code botlby
comparing its outputs with literature valuweedby performingreferenceQ CM-I1 measurements
on wellcharacterized PLig-PEGnandayers.My plan was alsto use theemeasurement data
for validating the newly commercializedQCM-I device (MicroVacuum Ltd.)that was
employedin the experimentsin addition, | proposed to use thesults onPLL-g-PEGlayers
as comparative basfor the analysis of heavily hydrated CMiDlayers.Sincethe stability of
CMD layerswas a significant requirementyy plan wado testand measurthe effect ofthe
appliedwashingprocesses.

My aim was tademonstrate the proteiand celtrepellent abity of the developed CMD
layers. For this purposm situ OWLS measurementgere performedo obtain kinetic data on
the protein adsorption process andetermine the adsorbed amounts. In additte@adhesion
of living cellswas observetly phase contrast microscopy.
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In this chapter, synthesisamplefabrication and measuremenmethodsare detailed

which weredevelopednd appliedn the present wotkl heaim of thissection is to support my
resultsby clearexperimentatlescriptions and dat&he chapter is divided infour subsections
the 1stgives a list about the applied chemicals, the Qmasectiordescibes the synthesis and
sample fabricatiomethods the 3rd presents théechnical details ofneasurement techniques
applied foranalyzingthe fabricated sampleand the4th one presentshe experimentsvhere
the fabricated samples wdteally employed

4.1 Chemicals

In the list belowchemicalsused in theexperimental worlof the thesis are descrihed
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3-Aminopropyltriethoxisilane (APTES)btainedfrom SigmaAldrich.

Bovine serum albumin (BSAjbtained from Merck.

Chromosulfuric acidobtained from VWRnternational.

Cobas Cleaner solutigmbtainedirom Roche.

Ultrapure water.Water used in the experiments was ultrapure grade-@iater with
the resistivityoflL 8 MY L ¢ m.

Dextran F500, obtained fronPharmacosmos A/S, Holbaek, Denmark.

Dulbe cc 003 eMdo diafg | eabtained/feoch Merak.
1-Ethyl3-(3-dimethylaminopropyftarbodiimide hydrochlorideEDC), obtainedfrom
SigmaAldrich

Ethylenediaminetetraacetic acid (EDTAptained from Merck.

Fetal bovine serum (FBS)btained fromBiowest SAS (Frare).

Fibrinogen (FGN)obtained from Merck.

3-Glycidoxypropyitriethoxysilane (®PS, obtainedrom SigmaAldrich.

Hydrochloric acid obtained from VWR International.
4-(2-hydroxyethybl-piperazineethanesulfonic acid (HEPE®htainedfrom Sigma
Aldrich.

Hydrogen peroxideobtained from VWR International.

L-glutamine obtained from Merck.

Lysozyme (LYZpbtained from Sigmaldrich.

Monochloroacetic acid (MCApbtainedirom Thermo Fishe&cientific
N-hydroxysuccinimid¢NHS) obtained from Merck.

Paraformaldehydeobtained from Merck.

Penicillin, obtained from Merck.

Phosphate buffered saline (PB8htainedrom SigmaAldrich
Poly(L-lysine}graft-poly(ethylene glycol)RLL-g-PEG), obtained in its powder form
from SuSoS AG, D ¢ bThealchitecture ofSiveicopalyemerl was d
PLL(20)-9[3.5]-PEG(2), where the molecular weight of the PLL backbone and PEG
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chains were 20 kDa and 2 kDa, respectivelpd the grafting density [(lysine
mers)/(PEG side chains)] was 3.5).

- Potassium hydroxidéK OH), obtaned from VWR International.

- Sodium hydroxidéNaOH), obtained from VWR International.

- Sodium trimethaphosphate (STMBbtained from VWR International.

- Streptomycinobtained from Merck.

- Sulfuric acid obtained from VWR International.

- tert-Butyl alcoho) obtained from VWR International.

- Trypsin obtained from Merck.

- Xylene obtained from VWR International.

4.2 Synthesis and sample preparation methods

4.2.1 Synthesis of carboxymethyl dextran (CMD)

The native dextran was carboxymethylated using a publisrexedureof Huynh and
co-workerd®1® In the initial synthesis experiments related to this wahe reactionwas
optimized to obtain £&MD productwith highDS (0.8- 0.9). In a subsequent work, based on
former results andupported by the extensive contributionBof T ¢r k, t heDSdepend
on set of selectedreaction parametersas analyzedusing statistical experimental design
method!®*191The resulted empirical equati@mablesone to synthetize CM®with required
DS valuesin the range of 0.1 0.45. Besides, CMDs with DS out dhis range were also
synthetizedIn the present workCMDs with a relatively wide range of variety itheir DS
values (0.145 0.6) were employed\evertheless, theariationin DS was considered to be
ineffective to the experiments.

The following procedte describes<CMD synthesis parametekghich resulted inDS
values in the range @.40 - 0.45 4.0 gDextranwith 500 kDamolecular weightvas slurried
in 80 mL tert-butyl alcohol ad then18 mL of 3 M aqueous NaOsblution was added\fter
1 hourof dissolution time 2 mL aqgueous solution &0 gMCA was addedo the dextran
slurry, reaching a finalvater :tert-butyl alcohol volume ratio of 2080 (v/v%).The MCAwas
applied as the reagent of carboxymethylatgeethe correspondingeactionin Schemell).

The reaction was conductedi6 0 afidCit wasterminated by precipitain in cold methanol

after 90 min reaction timerheprecipitatedCcMDwas dri ed wunder vacuum
product wagdissolved in ultrapurevater. The solution waghen purified by dialsis (using

dialysis tubing withcutoff MW of 6000 - 8000 kDa (Spectra/Por, SpectruBurope B.\,
Breda,Netherlandp against watefpurified by reverse osmosi&r 20 h,subsequently against

0.01 M HCI for 6 h, and finallyagainst ultrapre waterfor 24 h The product was then

|l yophilized an disedTheD6 wab detetmindd aidmetrictitration using

0.05 M NaOHsolution'®2 The eficiency of the dialysis proces@mount of residuaCl-ion

originated from the used HCI solutiomas checkedyo t he mo di fnethadjwiich h° ni g ¢
is a general method for determining chlorine and other halogenids in organic compgunds
burningsample in anoxygentfilled combustion flask®.
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4.2.2 Types of substratesand sensor chips

The usedsubstratesnainly differed in their particular compositigndimensions aneh
the subsequenmethods in which they were applidBased on the outlined aims, Si@pe
substrate surfacegsere usedn layer fabrication experimenté given substrate was selected
considering th@roposedanalyticaland application methodSomeof the employed substrates
werespecially designed for certain measurement techaigug. OWLS chips)The following
list detils the typesand generalproperties(dimensions(in the format of lengti width 1
height) composition)of the employedsubstrategthe characteristicof the OWLS and QCM
sensor chipgnd ATR crystalre alsadescribed here, as they were usedwdsstrates of the
experimentsThe corresponding measurement techniquegetailed irsection4.3).

OWLS sensorchips and sliced OWLS model samplesThe planar ptical waveguidechip
with dimensios of 481  mf wasmade of a pyrolized SiTiO- sokgel waveguide layer
ontop ofaglass substratéype 2400V OWLS sensorchip, manufactured bwlicroVacuum
Ltd., BudapestHungay). The thickness of the waveguide layer was 180 nm.To get
OWLS model samples, son@WLS chipswereslicedinto smaller piece$151 15 mm) in
orderto obtaina usefulnumber ofspecimens carryin§iO-TiO> layer on top. Thespieces
were used as modshmplesepresentinghe original OWLS chips.

QCM-I sensor chis. The QCMI sensor chips were Acdut quartzcrystals with the diameter
of 14 mm The quartz crystadisccarriedgold electrodson both sidesproviding the gold as
sensingsurface of thehip. The specially designed QGMhips used in this wonkerecoated
with 160 - 180 nmthick SiO,-TiO2 layer on top of the goldThe QCMI chips were
manufactured bWlicroVacuum Ltd, using the sam8&iO,-TiO> layer fabrication methods
appliedin the fabrication of QOVLS sensorghips.

ATR crystals. TheSiATR crystals were usddr ATR-FTIR measurement§heSPP 45A t yp
crystalswith dimensions 06 0 11 3 @rwere manufactured dyarrick Scientific Products
Inc. (Pleasantville, USA)The 2- 3 nmthick native SiQl ayer on the crystaloo
to apply the same surface chenyisis designed for OWLS.

Si wafers. Standardsi wafers with crystal orientation of <10@wmdwith 2 - 3 nm thicknative
SiOz coveron topwere also used as modaibstratesThe used dimensions weapprox. 19
15 mm. Some of theSi wafers werespeciallypreparedior AFM measuremestin order to
determinethe thickness of dry CMit layers. Thesewafers werepartly covered wittca. 60
nmthick gold layerthat was depositeloly e-beam evaporatio(gold lithography)

Glassslides. Standard nicroscopy glass slidesvith dimensions o761 26 mmwere obtained
from Thermo Fisher Scientific

4.2.3 Cleaning of substrate surfaces

Surface related hysicochemical processestrongly depend o local surfacepurity.
Thereforethe application okuitablesurfacecleaning methods befofarther modifications is
strongly demande Threedifferenttypes of cleaning methodgere usedlependingnthe type
of the givensubgrate
Cleaning with piranha solution. Si wafers, glass slides and ATR crystals were cleaned by
piranha solution (3 : 1 volume mixture of 98% sulfuric acid and 30% hydrogen peroiXige)
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exposiretime was20 minwhich wasfollowed by intensive washingith ultrapure water and
drying under nitrogen stream

Cleaning with chromosulfuric acid. OWLS sensor chips andodelsamplesvere cleaned by
concentratedchromosulfuric acid with 3 min exposition time The surfaces wer¢hen
neutralized byhort dip in IM KOH solution and they wernatensively waskd with ultrapure
water anddried under nitrogen stream.

Cleaning by UV-ozone.The QCM-I sensor chips were first washedth ultrapure water
dipped in Cobas Cleaner solution, washed again with ultrapure watériad with nitrogen
stream Hnally, 10 min exposure in U\zone cleaner (MicroVacuum Ltd., Budapest,
Hungary) waspplied!®4

4.2.4 Silylation methods

The CMD layersvere covalently attached oorganic substrate surfecthroughathin
SAM coating of silane moleculeIwo types ofsilane (also known asilyl) coatingswere
preparedon the cleaned substratesnsisted okither aminosilane or epoxysilan®lecules
The silylation proceswvas further improvedduring my Ph.D.work, therefore two different
silylation methodsire presentedoth methodsvereused forCMD layer fabrication

Silylation in xylene vapor phase

This method wassed in the earligghaseof myPh.D.work. Thecleanedsample surfaces
were silylated using -aminopropyltriethoxigane or 3-glycidoxypropyktriethoxysilanein
refluxing xylene vapowith following the method of Hallé?°. The samples were treated in the
reflux of organic silane solution foé h. Afterwards, surfaces wereashed intensively with
xylene and methanol. The samples were blaly with nitrogenand the silane layer was
incubated ainvacu®d. AC for 2 h

Silylation in solventfree vapor phase under vacuum

Thesilylation methodin xylene vapor phase was improwsith usingavacuum chamber
with controllable heatingGlass oven & 8 5 , B! CHI Labortechnik
The equipment allowed teliminate the organigylenevapor and taonduct the process in a
more contollable andechnicallysimplerway in a shorter process timehe method was only
used for aminosilylationCleanedsubstratesvere placedon a sample rack of the vacuum
chamber and3 0 L @so 2 0 OL aOthe first trials of these experiments)of pure 3-
aminopropyltriethoxysilangvas placed into a glassal thatwas mounted under theample
rack Followed bya 10 min incubation &8 0 A C u n d approxvSamhar thesan(ples
werekeptwithout heaing and suctiorfor 20 min In a subsequent stgpe samples wereheated
atl 2 0 oA2in acuum.The aninated surfaces wethen tiken out of the oveand stored
in vacuum desiccator until used.
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4.2.5 Fabrication of ultrathin carboxymethyl dextran layers (CMD -ut)

Two different grafting methodsvere usedfor the fabrication ofCMD-ut layers
depending on theomposition of thereparedsilane coatingon the substratéVhile grafting
of carboxylic groups to amino moietiequires activatingeagents (ED@ndNHS), the epoxy
groupscandirectly react withthe hydroxyl and carboxgroups ofCMD without the presence
of any additionahlctivatingchemicals.The experiments were carried out usthg so-called
batch and flowcell method. The latter one means that the silylated substrate was mounted in
a flow-cell and the reagent solutions warentinuously flowedver thesamplesurface by a
peristaltic pump. The replacement of solutions (eaen thewashingphasestarted was
performed without mounting the substrate afidw-cell. Ths method was appliefdr in situ
OWLS and QCMI measurementsn whichthe flowcell wasassembled witlthe deviceThe
batch experiments did not involve fluididaestead, te samples were kept im @pensample
holder andhe reagent solutions were simply pipetted onstimta@sas well asvashing was
performed byexchanging the solution in the holder vials.

c® HO~~{CMD
Aminosilylated O A8, Epc :
surface o /\ io
NH, hilH
N—OH NHS 2
1 (o]
HO~~(GMD =
CMD}~~~COOH
0 2 cMD (g;:o %
\
*,
Y Ho' COOH ? + o
CH, CH,
o Fon
Epoxysilylated [ 5i0,(-Ti0,) | [ si0,(-Ti0) |
surface

Scheme28 éCovalent gafting of CMD to amino- and epoxysilylated surfaces

The CMD was schematically interpreted by a molecaleyingbaoth hydroxyl and carboXyfunctional groups.
The aminosilaneand EDC/NHSbased linking chemistrfl) resulsin amide bonds between thenino functions
and CMD moleculesThe linking chemistry vig@poxide group$2) doesnot require additionactivatingreagents
and it forms both ester and ether bortgai(oxyl groups aralsoreactive in this pathway

Grafting to aminated surfaces (CMD -ut-Am layers)

In this grafting method,he aminated surfasewere incubated IfCMD/EDC/NHS
agueous grafting solutiom order to covalently bindCMD molecules to the surface via
EDCMNHS-basedinking reaction The grafting solution was prepared as folun the first
step lyophilized CMD was solubilized in ultrapure watédS = 0.6, 50 mg/itn, 500 kDg and
the solutimm pH was adjusted to neutral usifg 10 M NaOH ®lution. The EDC and NHS
reagents werpre-dissolved in ultrapure watand thereagensolutions (0.4 M) were added to
the CMD solution. Te final concentrations in the CMD/EDC/NHS grafting soluticerethe
followings: [EDC] = 50 mM, [NHS] = 50 mM, [CMD] = 30 mg/in respectivelyThe aninated
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surfaces were incubated at room tempegain a special vigllaced on a rocking shakg@ratch
method,in caseof ATR crystals andi wafes) or the solution wasiypmped through the OWLS
or QCMI flow-cell (flow-cell method,in case ofOWLS or QCMI chips). The grdting
experiments usinfiow-cell were performed as follows. Aftacquiring astable baselinby a
flow of ultrapure waterthe OWLSor QCM-I chip surface astreatedwith CMD/EDC/NHS
solution In this step, &5 min flow( wi t h a f | lodsjandaastibsequerifO min ¢
incubation (while the flow was suspendedreapplied Afterwards the grafting solution was
replaced by ultrapure wattr wash off the unbound CMBroleculesrom the surfaceTo test
the stability of the grafted CMD layean additional washing phase usihg§ M NacCl solution
for 10 min and a subsequent water flow secti@re also performed as a final step of the
experimentin case of the batch methdbeincubation timewith the GUD/EDC/NHS solution
was 19 hthen the samples were washed extensively with ultrapure.water

Grafting to epoxylated surfaces (CMD -ut-Ep layers)

In this grafting method, the epoxysiljgal surfaces were exposed dqueous CMD
solutions (500 kDa, DS = 0.6, 50 md/nwith different pHs pH 2.3, 7.0 and 10.0Yhe pH
adjustment was carried out by the additiorbef10 M NaOH solution.The goxy-activated
surfaces were incubatesimilarly to the aminosilylated surfacedesidethe batch method,
single deposition in flovcell with simultaneousn situ monitoringwas alsapplied(flow rate:
1 Lks). Thein situmeasuremestwereperformed by OWLS only.

4.2.6 Fabrication of spin-coated and croslinked carboxymethyl dextran
layers (CMD-sc)

The fabrication of thick CMD layemas performed itwo main stepsThe first step was
the covalent grafting of thin CMD layesn aminosilylated substrate surfacesing the
EDC/NHS linking chemistry Until this point,the process was similar to the method used for
the preparation oc€MD-ut layers The secondstep involvedhe spin-coating of a thick CMD
layer, which was crosknked to the previously grafted thin CMDBIIm. For better
understanding,itemethod can béollowed stepby-stepin the illustrations oScheme29.

Each of theaminosilylated sbstratesvas incubated witha drop of CMD/EDC/NHS
solutionthatcoveredthe sample surfac&he grafting solution was prepareddetailed above
and he following concentration ratiaweresetin the solution: [COOH] : [EDC] : [NHS] =6 :

1 : 1,wherethereagent concentrations wergusiedto the concentration &MD carboxylic
groups.Based on this consideration, &g toncentration oCMD (DS = 0.145) was set to 50

mg/mL, the concentrations oEDC and NHS wasdjusted to 7 mM. Thehp of the grafting

solution was adjusted to by adding5 - 10 M NaOHto the EDC/NHSfree CMD solution.

Af ter an overnight i merarinsedwithaltrapare watdandblown t he s
dry with nitrogen stream

In thefollowing step, a slightly crosslinkedMD solutionwasspin-coated oto the surfaces at

various rotatioal speedg1000, 2000, 4000 and 6000 rpifW-4A SpinCoater, Chemat

Scientific Inc., Los Angeles, USAThe rotation was applied for 6(Qpsecededy a 10 s pre
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rotation at 500 rpmlhe spincoated solution comprised 20 mg. CMD, 125 mM NaOHand
50 mM STMP as crosslinking agent

In a subsequent stefhet sampds were thoroughly washed in &flbn tank The tank was
leached bycirculating liquics at high flow rate(2.5 L/min)which was maintainedby a large
scaleperistalic pump. The washing processolvedaconsecutive exchange witrapure water
(20 min), 0.1 M HCI(10 min)andultrapure wate10 min)again The circulatedvashindiquid
in a givenphasewnas exchangetiviceto fresh oneln the final step ofthe procedurghe sample
surfaces werblown dry with nitrogen
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4 EXPERIMENTAL

4.2.7 Fabrication of ultrathin PLL -g-PEG layers

The PLL-g-PEGIlayers were prepared on cleaned SI@D: surfaces using the flow
cell method onlyi@ situOWLS and QCMI). 1 mg/nL solutiors of PLL-g-PEG were prepared
in 4-(2-hydroxyethyl}1-piperazineethanesulfonic ac(tHEPES buffer solution where the
HEPES concentration was set to 10 nBéfore polymer addition, the pH of the buffer was
adjusted by 1 M NaOH solution to 7.4. For the experiments, the sensor surfaces were not
chemically modified, they were simply used right aftee cleaning process. At first, a stable
baseline with HEPES flow maintained by a peristaltic pump was achieved (flow rat€as 1
throughout the experiment) and tRéL-g-PEG solutionwas subsequentlilfowed over the
sensor chip for 20 min. The waslgiwas carried out with HEPES flow until a constant signal
reached.

4.3 Analytical techniques

For a better understanding, the used analytical teabamp well as parameters about
layercharacteristiceffered by the specific measurement metha@ssummazed inTable 1.

Analytical Substrate Examined Condition Results offered by the analytical technique
technique CMD layer

ATR-FTIR  ATR crystal CMD-ut dry detection of carboxyl groups

XPS Si wafer, OWLS slice CMD-ut, CMD-sc dry elemental composition, chemical states, thickness
SE OWLS slice CMD-sc dry lateral inhomogeneity, thickness, refractive index

CA meas. OWLSslice, glass slide  CMD-ut, CMD-sc hydrated  wettability, CA

AFM Si wafer, OWLS slice CMD-ut, CMD-sc dry topography, Rrwms, thickness

refractive index, thickness, optical anisotropy, dry
surface mass

viscoelastic parameters, hydrated surface mass
and thickness

OWLS OWLS sensor chip CMD-ut hydrated

QCM-I QCM-I sensor chip CMD-ut hydrated

Table 1 éSummary of the used characterization techniques, examined samples and particuldayer
parametersoffered by the measurements

4.3.1 Label-free biosensor measurements

Two types of lhelfree biosensor measurements, OWLS QM-I were appliedin
order toin situ monitor the formation of CMEut and PLLg-PEG layers on Si@TiO>
waveguidetype surfaces. Then situ OWLS technique was also used to test the protein
repellent ability of the fabricated CMDt and CMDsc layers bymeasuring the adsorbed
protein mass.

Both thein situOWLS and QCMI measurements were carried out applying a continuous flow
of the actual solution that was driven intom&rofluidic assemblyflow-cell). The sensor chip
was mounted ina septumequippedflow-cell, and tlhs assembly was mountehto the
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measurement head of the setlipesolutionf | ow was ma iL/s byaiperistaltic a t

pump (smatecReglg ColeParmer GmbH, Wertheim, Germgrtroughout the experiment
129

4.3.1.1 OWLS

For thein situ OWLS measurementtype 2400V OWLS sensochips (MicroVacuum
Ltd., Budapest, Hungary) were used in an ASI BIDfastrument (MicroVacuum Ltd.)'he
properties of the applied OWLS sensor chapsdetailed inSection4.2.2 The HeNe laser
beam With the wavelength d32.8 nm) was coupled into the OWLS chip and the zeyathr
transverse electricTE) and transverse magnetitM) modes were excited in the waveguide.
The coupling angkewerescanned by @recisiongoniometer in every 14 $he instrumental
sensitivity wasl I 10° regarding the measured effective refractive indidés,(Ntm) and 1
ng/cnt for the surface (areal) mass densk]. The refractive indice@) as well as refractive
index increments (udc) of theappliedsolutions were measured by a precision refractometer
at 632.8 nmat the maintained temperatur2 § ) Q157 automatic refractometer, Rudolph
Research Analytical, Hackettstown, USA).
Theraw OWLS data were evaluated by tls®tropic homogenoué-layer mode equaties. In
the evaluation process, the followingand dvdc data were usedhe solutions are indicated
by the given subscriptsiwater= 1.3317 nhepes= 1.33D, npes= 1.3330ncmpepcinis= 1.3380,
nevp = 1.3390;dn/dcevp = 0.180 mL/g, dn/depir-grec = 0.13D mL/g, dn/dCprotein = 0.1849
mL/g.

4.3.1.2 QCM-I

The appliedQCM-I devicewas manufactured bylicrovacuum Ltd!®®. The resonance
sensitivity of the instrument in liquidas2 I 10! Hz, the dissipation sensitivityas1 1 107
and the mass sensitiviyasO 1 A gedpetively. The volume of the floveell wasapprox.
4 0 L. Tne properties of the applied QGMsensor chipsredescribed irSection4.2.2 The
QCM-I chips had a fundamemntasonance frequency of 5 MHEhe resonance frequency and
dissipation shifts were recorded wiimée resolution of 6.2 s for each selected overtone (the
overtone numbers were= 1, 3, 5, 7corresponding téhe frequencies of 5, 15, 25, 35 MHz,
respectively). The employed QCMsetup andhe methodology of data analysssillustrated
in Scheme21. The recorded QCM data were evaluated by tiselt:developed MATLAE -
based codeAdditionally, improving thecode a usesfriendly graphical interface fodata
evaluation was also developed

4.3.2FTIR

A Bruker Tensor 37 FTIR spectrometer was used to record the infrared (IR) syectra
the bulk dextran andproducedCMD within the spectralrange of 4000- 400 cm!. The
comparison of these spectwasuseful to identify COOH groups in the synthetdzZCMD. The
IR spectra were recorded in solid st@g8&r pellef) usingtransmission measuremeanbde.

The ATRFTIR technique was used to detect pnesence ofarboxylic groups it€MD-
ut layers.The ATR-IR spectra were recorded with a Bruker IFS66/v spectrometer using a Si
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ATR crystal plate ( S P P, Harfich Scientific Products Inc. (Pleasantville, USA)he
resolution ofthe recorded spectra was cnmil. The Si ATR crystal was used without
modificatiors (reference measurementy it was functionalized usinghe above described
protocolsof CMD-ut layer fabricationThe CMD was grafted to the surface and subsequently
measured to identify the functionality and prove the grafting method.

4.3.3SE

The thickness angkfractive index ofCMD-sclayers prepared on OWLS model surfaces
were determined by spectroscopic ellipsiry. The ellipsometric measurements were
performed using a Woollam $000DI rotating compensator spectroscopic ellipsometer (J.A.
Woollam Co., Inc., Lincoln, USA)AIl the measurements were carried out with a mounted
microfocusing equipmerthat focused the souae light to a spot area withdiameter of 150
Om. The speat were recorded in the wavelengthrange df-1IP6 89 nm at 70A i nc
(the spectral resolution wése following:191- 999 nm: 1.59 nm, 9991689 nm:3.46 nn). In
case of mapping modmeasurements, thg and gpspectra were recorded at certaurface
points with different lateralx(y) coordinates, thus a map lafer optical parameters could be
obtained ad the lateral homogeneity &MD layers both in thickness and refractive index
could be evaluated. The distanbetweenthe measurement positions wasnén in the x
direction and 2Znm in they direction respectivelyscanned area: 128 mm) Data acquisition
time of 5 s was used at egobsition The ellipsometric data were collectald analyzed with
the CompleteEASE software (J.A. Woollam Co., Inc.)

4.3.4 AFM

The nanoscaletopography ofCMD-ut and CMD-sc layers was examinedby AFM
techniqueTheAFM also allowed to determine the thickness of the@viD-ut layers prepared
on gold-covered Si waferéneasurement of CMD stepyhere the goldvas used t@onserve
the surface of the Si wafekfter CMD grafting thegoldlayerwas peeled off giving pristine
SiO; surfaceright next to the CMDBcovered area.

The AFM images were recorded using two differ@strumens, namely a SmartSPM
1000 (AISTNT Inc., Novato, USArnd a FlexAFM (Nanosurf GmbH, Liestal, Switzerland)
device The SmartSPM instrument wasjuippedwith Nanosensor®PP NCHR10 probes
(NanoWorldHolding AG, Schaffhausen, Switzerland). The probe features were the followings:
radius of curvature: < 10 nm, |l ength: 125 Om
N/m. For measurements conducted by the FlexAFM instrument, Tap 1@0GPe probes
were used (BudgetSensors Ltd., Sofia, Bulgafiag probdeatures were the followingsadius
of curvatur e: < 10 nm, l engt h: 225 Om, reson
Both two AFMs were usedn tapping mode to obtaitopographicdmages The typical scan
rates were between 0.5 and Blz depending on the size of scanned arba.rawAFM images
were analyzed and evaluated by the Gwyddion software.
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4.3.5 XPS

The elemental composition anderhical states ahe examinedomponerd both in the
CMD-utandCMD-sclayersas well as irCMD-freeaminosilane coatirggvereinvestigatedy
x-ray photoelectron spectroscopy. The measurements and evaluation of the obtained spectra
were carried out byDr. A. Sulyok. Giving a brief instrumental descriptiaihe x-ray was
emitted from an Alnode source and the photoelectron spectra were obtained by cylindrical
mirror analyzer with retarding fieldESA 150, Staib Instrument&mbH, Munich, Germany
providingaconstant energy resolution of 1.5 eV. The ultigh vacuum (UHV) system allowed
to achieve aacuum of A 10° mbar.

The detected lines of the main components were C 1lg¢and285- 289 eV binding
energes), O 1s (531 eV), Si 2p 3/2 (100 and 103 eV for basic and oxide states, respectively),
Ti 2p 3/2(454 eV}, N 1s (401 eV)Na Auger (497 eV), P 2s (189 eVllhe accurate binding
energies are influenced by tliBverse chemical state of electron emittingatoms, thus
sometimes few combined or separate lines were detected according torilyéir
The evaluation took place usingommon procedure wolving Shirley background subtraction
and Gaussian/Lorentzian fittinghis process waapplied for eaclietectedsubcomponent to
determine the peakreas
The quantitative resultsf elemental ratiowere used to determine the thicknesarofnosilane
and CMD layers by an evaluation method based on the assumption tlcatitpesition of
layers wasstoichiometric and the detected sigdalcayedn depthby a known exponential
relationshipA 3 or 4layer modelbulk substratet 3 or 4 layers) was usedn the calculatios,
dependi ng on t h.énthssanodelthe tve organichaydrsr (aminesilane and
CMD) were set on top of the bulksubstrate (Si@TiO2 or Si) with a coveringcarbon
contaminatiorthatcan be always founashspecimes. Namely, the assumed specimen structure
wasthe following bulk SiO2-TiO: or Si, (i) carboncontamination,i() aminosilane layer with
stoichiometric compositioas well asi{i) CMD layer wit stoichiometric compositioiin case
of Si substratg a SiQ layer was also set on top of the bulk(i8). The sensitivity factors for
weighting the signal of elements were obtained from the litefdfufdne computation dfiyer
thicknesses was based on an iterative algorigtartingwith a setof initial thickness values,
initial signal intensities and component ratios wedist calculated. Comparing these
component ratios to the measured ortés, thicknessvalues were varied until identical
component ratiowere reached

4.3.6 CA measuremens

WaterCA measurements were used to qualify wetting characteristic oCMD-ut and
CMD-scsurfacesThemeasurements were carried byttwo methods.
Sessile drop measurementgre performedisingan instrumenbuilt in the Nanobiosensorics
Laboratory The measurements were performed at RT, drops with volumespodx. 3 nL
were deposited on the surfaaed thertheir volumes were increased to approxeh and left
to stabilize forca 120s in a closed chambueiith nearly saturated atmosphé&eforethe image
was taken. The DropSnakeftwarewas usd to calculate the C/&. The mean values of the
left and right side@As were given and compared.
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Spreading dynamics measurements were carried out using another apparatus built up by Dr. N.
Nagy. One sample was inserted into a closed sample chamber (R§2989 = 235 0.5C)

and the measurement was started immediatelyapprox.3 CL droplet was deposited on the
surface and its spreading wasorded witta time resolution of 2 s. The series of measurements
were evaluated by he Kr ¢ss DS A Departiménivad Physal £hemistriz and
Materials Sciencef Budapest University of Technology and EconomiSAT BME) using

elliptic fit.

4.3.7 Phasecontrast microscopy

Phase contrast images were recordétl a Zeiss Observer.ZthicroscopgCarl Zeiss AG,
Oberkochen, Germaiyn bright field modeMicroscojy imageson fluorescent samplesere
obtained by thesameinstrument using fluorescent mode. The microgcopages were
recorded and processed by the AxioVision softw@arlZeiss AG).

4.4 Experiments on the fabricated CMD hyers

4.4.1 Non-specific binding experiments

A mainobjectiveof the fabrication of CMD layers on labfke biosensor surfaces was
the development af sensor coatirsyvith improved proteinand celirepellent abilites

The proteinrepellent abilityof the fabricatedCMD-ut and CMDsclayers was testedby
three different protein molecules, which were selected consideringtlagid MW valuesdee
Section 2.1.2. The chosenproteins were the followings: bovine serum albumin (BSA),
fibrinogen (FGN) and lysozyme (LYZh these experimentd)e adsorbed amount (areal mass
density) of proteiswas measredemployingin situ OWLS method.
The experiments started withsurface conditioningtep (flow of phosphate buffered saline
(PBS)) where the recordestablesignal sequencevas used asa baseline. Afterwards, the
solution of BSA moleculedissolvedn PBS(2 mg/nmL) was pumped over the CMD surface at
1 GL/s flow rate for 30 minThis protein adsorption sectiovas followed by a washinghase
using PBS flow until a stable signaached These 3 &fps were consecutively repeated with
the solutions of thewo another proteinsThe concentration of each protein solution was 2
mg/mL in PBS. For clarity, the following solution flows werappliedin the given orde:
PBSY BSAY PBSY FGNY PBSY LYZY PBS
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4.4.2 Maintenance of HelLa cell culture

The HelLa cell culture was maintained by the great supp@t.dfSz ® k 8cs, whose
was essentiah the whole process of cell adhesion experiments.
HeLa cells (epithelioidervix carcinomaobtained from Sigma Aldrich) wereutinely cultured
in tisste culture polystyrene Petri dishe@reiner BieOne International GmbH,
Kr ems m¢ nst &eptin aAhumidified iachbator3(7 . 5 5%A(@vy) CQ and 97%
relative humidity RH)). The cells were maintained du | b e macdiéfsi e dmedtumng | e 6 s
(DMEM), supplemented by additionedbmponentss follows 10% fetal bovine serum (FBS),
4 mM L-glutamine, 100 U/ penicillin and 100 Gg/mL streptomycin.On reaching 80%
confluence, cells were detached everyldlays using 0.05% (w/v) trypsin, 0.02% (w/v) EDTA
solution.

4.4.3 Cell adhesion experiments

Prior to cell seeding, 2.5 mL of cdlee DMEM was added tthe samplegplaced in a
Petri dish)n orderto precondition their surfadé lasted a couple of minutedfleantime, HelLa
cells were harvested a280C0L of cell suspensioif2.51 10° mL?) was added tthe samplg
The composition of the celutture medium was the samedescribed irSection4.3. After a
cell sedimentation periodd 10 min), the samplesvith added HelLa cells were moved into a
humidified incubatorg 7 . 55%Av) CO; and 97% R, whee the incubation lasted 4 h
The sampleswere examined byhase contrastnicroscopy and microscgpimages were
recorded usingOl and 20 objective lenses
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S RESULTS AND DISCUSSION

5.1 Characterization of ultrathin CMD layers

For the thorough characterization thfe developed CMIut and CMDsc layers various
analytical methods were employdd.this sectionyesults on the characterization of CMID
coatings are presented in ordereveallayer properties both in dry and hydrated conditions.

5.1.1 Composition, thicknessand topographyin dry state

Thecomposition and topography 6MD-ut layersin dry conditionsvere examinedtyy
ATR-FTIR, XPS and AFM techniqueRepresenting the CMIDt layers, the results described
below relate tolayersfabricated on amoslylated substratesising the EDOGMHS linking
chemistry.

The ATRFTIR spectra irgraphA of Figure 1 presenpeaks at 17201740 cm! which
can beattributed to the COOH groué grafted CMD moleculé$®. This peak could be also
found in the bulk CMD, where ttstretchingvibrations ofcarboxylicC=0 groupsat 1740 cm
L appeared in the spectiEhe IR spectra of the bulk dextran and CMD are shown in d8ayth
Figure 1. The comparative specidemonstratéhe success of the carboxymethylation reaction
(CMD synthesis).
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Figure 1 éDetection of CMD carboxylic groups by FTIR[T1]

GraphA demonstrates an ATRTIR spectrumrecorded ora CMD-ut layer that wascovalently graftedo the
aminosilylated surfacef a Si ATR crystal The carboxylic groupsould bepreviouslydetectedn the bulk CMD
material as well (grapB). In the IR spectrum dbulk dextran and CNd (B), thepresentegeakat around 3400
cntt originated fromthe stretching of ©H bonds.
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The DSof the synthetized CMD was determined by acidimetric titration. As AoOrCl
could be detectenh the lyophilized CMD the removal of HCresiduesvas effectivein the
dialysis procesand the determined acid content could be surely attributed to the carboxylic
moieties.

Theaim of the XPS measurements waserify the presence dhe preparetayers and
determinether thicknessin dry state The XPS measuremenyieldedelemental ratioand
chemical states of elements on Si wafers and the evaluation provided additional data on the
thicknesses odminosilane and CMD layers. While the specimens with aminosilane coating
contaired nitrogen atoms whictwere presentd in the aminosilane molecules only, the
epoxysilanadid not contain such specific heteroatom. As a result, the heterdmsetd XPS
thickness calculation could not be applied for the samples prepared ofe¢pdsyrfaces.

The esulted XPS spectra origited from 4 types adamples: pure Si wafers (Si), Si wafers
exposed t&EDC/NHSfree CMD solution (SCMD, control samples), aminosilylated Si wafers
(Si/Aminosilane) as well as aminosilylated Si wafers exposed to CMD/EDC/NHS solution
(Si/AminosilanédCMD). The drect observationsverethe followings.

1.) A significant N signal was observed in the samples with aminosilane pretreatment in
contrast to the negligible Nafoundthe detection limit) in the control sample (see the inset
diagram ofFigure 2). The detected N was assigned to the amino group of aminosilane. On the
other hand, the N signal wagmrticularly weakened on CMEoated samples. These two
findings provided the basis fdhe determination of ththickness ofaminosilane an€CMD
layerg®,
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Figure 2 éXPS spectrum recorded on an aminosilylated Svafer with covalently grafted CMD layer on top

[T1]

Only theessential pastof the spectrum is shown and the binding energy axis is drawn in 4 separate pieces. The
detected peakéblack lines)were decomposethto subcomponentgcolored curves with filled area beneath)
according to their chemical statbhésubcomponents are alswlicated.
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06 ] Figure 3 éElemental compositiors obtained by
Wil NG BC ms) XPS measurementgT1]
08 T = The shown data represent a CMbDvered Si wafer
‘ (Si/CMD) and CMBDcovered, aminosilylated S
04 wafer (Si/Aminosilane/CMD)
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2.) The alteration of the whole detected composition showed the change of components in
the upper 3 nm of the measured specimen. While the Si wafer with CMD coalyrghowed
hardly any composition change (compared with a basal@trate, data nohewn), incase of
Si/Aminosilane samples the aminosilane treatnrehicedsignificant increasan theC, O and
N intensities and decreasethe Si signalgeeFigure 20in Section9.1(Appendi®), compared
with a bare Si substrate. When the CMD was bound to the surface through the aminosilane
layer, its observed compositievasinfluenced by further increasing C and O components and
reducing N and further reducing Si component (inset diagrdfigafe 2).
The calculatedthicknesses of the aminosilane and CMD coatiags presented iRigure 4.
The aminosilane thickness calculated from XPS data w@m2nJor all samples. When only
CMD was on the surfacdwithout aminosilane, control sampldéhe evaluation procedure
resulted in anaverage0.07 nmfor the thickness ofCMD, that was attributed to slight
contaminationrepresenting physically adsorb@alysaccharidemolecules The gafting of
CMD to aminosilaneoatingresulted ir0.7 3 0.80nm thicknesssfor the CMD laye (average
N snunaber of samples) 6This observationlearlyproves, thatthe aminosilanevasrequired
to efficiently couplehe CMD tothe surfaceof Si wafers verifying theovdent grafting of the
CMD layer.

2.5

Figure 4 éThickness ofaminosilane and CMD
layers determined from XPS data [T1]
Thethicknesses were determined iparameter
optimizationprocedure by varying the thickness

e

el

e

g
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E 15 values inthe applied4-layer model (bulk Si + 4
;6’,) layer, seeSection 4.3.5 and fitting the model
% 9B elemental ratig to the measured dat@he range
s of confidence for the calculated thicknesses is

also showron the top of columns. The samples
and their labels arthe followings ref 1: Si wafer
coveredwith aminosilaneref 2 Si wafer coated
0.0 — with CMD (control sample),sample 1 and

el ref2 sample 1 SEMpic 2 sample2: Si wafer coveresvith aminosilane and
Si/Aminosifane  Si/CMD Si/Aminosilane/CMD CMD (parallel samples)
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The AFM images irFigure 5 wererecordedbna CMD layer which was fabricated @m
aminosylilatedSi wafer The Si wafeihad beerpre-coated with goldwhich was removed at
the end of the fabrication process to allow the measurement of overlayer thickness at the
remained sharp step (imag¢. The morphology of th€MD surface(imageB) is found to be
very similar tothe morphology of dextracoatedsurfacegpublishedin the work of Tasker et
al 18% (alsomeasuredby AFM techniqué. The highz valueswhich appeaiat some poirs of the
surfacecanbe attributed tsurface contaminati@or CMD aggregates. ThaalculatedRrus
was 1.1 nm This finding verifies the expectations, since was highercomparingto the
roughness of aative SiQ surfaceon Si wafer (0.2 nm)The average thickness of the covering
layer on the substrate was 3.5.8 nm(around 4 nm on the average&jetermied by the
measurement of heightdifference between the subs&and the CMEcovered areggraph
C). In case of the epoxgpased CMD graftingthe resultedhicknesswasin the same range
Due to the fact that the gold was deposited on the bare substrate, the detdnckneds data
belong tothe sum of CMD and silandayers,implying a dry CMD layer withthicknessess
than 4 nmThis resultis in good agreementith the XPS data, which providedddxm (2.3
nm aminosilane + 03nm CMD) for thetotal thickness.

The applied surface analytical techniquwesild detectthe deposited aminosilane and
CMD layer onthe substrates, the measurements on reference samplegdaffirencovalent
grafting of CMDas well as the thickness of the dry CMD layer was determined to be dround
nm.

16.0 nm
12.0
8.0
4.0
0.0
St Oy
%2 /MP/WW I4 nm

Figure 5 éAFM images captured on CMD-ut surface with aminosilane undercoatingT1]

A.AFM imagetakenona10l 8  Oimx afidy lateral dimensionsjrea of &5i waferpartially covered with CMD
The gold lithography allowed to establish a sharp step between the substrate anddvktBdarea The gold
cover was deposited just on the one half of the sanfpis the substrate surfamwas not accessible for aminosilane
and CMD moleculesPeeling offthe gold, an aminosilaneandCMD-free SiO, surfacecould beacquired B. The
051 0. 5 AEMmmage revealed thtopography of e CMD surfaceThe z heightvaluesof graphC were
measured along the profii@e of imageA, providinga height crossection of the sample.
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Considering the thickness values measured by AFM and XPS technigisesnportantto
highlight that during the measuremerthe specimens were kept in dry state. Under this
condition the CMD chains were likelto collapse andpread orthe surface resulting in a very
thin covering layerHowever, with respect to the applicatio@yID layers are realistically
used in aqueous environment that means the layers are in a hydrateld istaweted thain
hydrating environment€MD is able to swell up tevenits multiple extent Consequently,
exploring thecharacteristics of CMEit layers in aqueous environmevasdesirablefor which

in situ OWLS and QCMI techniquescould be effectively applied. Theelated results are
presented in the forthcoming section.

5.1.2 Wetting properties

Figure 6 shows watedropson aminosilane and CMiDt samplesvhich were used to
determinewater CA valuedor the correspondingurfaces The presented measurements were
performedon the same OWLS met specimen: the CMiDt layer was grafted to the
aminosilane coating that represented bymage A. The advancingCA values on the
aminosilane were varied in the rangessf- 8 0 A signifidantlydecreasedto 204 0 A af t er
the grafting of CMDut layer occurred demonstrating the presence and hydrophilic
characteristic of the prepared CMDIlayer (imageB). Regarding CMBbased coatings, only
very few dataare available in the literature. Michel andworkers mesured 33- 4 1 fAr
covalently grafted CMDlayers on aminated polytefluorethylene (PTFE) surfac@s
correspondingvell with the herein presented resulide thickness of those layers wéram
(deermined by XPS depth analysis) that was commeasurable to the fabricatedtdajers.
According to anot her theQAwofdextran do&irgs anapoxpueeed s ur e d
fluorinated ethylengropyleng(FEP)surface&. This value is also close to the presented range,
however, it should be noted that both the measured broad CA range and deviation of literature
data demonstrate a considerable uncertainty in the CA measurements on such faydnated |

Aminosilane A| |Aminosilane/CMD-ut B

CA=79° ‘ CA=29°

Figure 6 @Vater CA values on aminosilane A) and CMD-ut (B) surfaces

The two images correspond to the same OWLS model specimen that wadicstdtgcgaminosilane to whicthe
CMD was subsequently graftgdminosilane/CMDut). Compared to the aminosilylated surface, the CMD
significantly decreased the CA.
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5.1.3 Surface chemistry and pH-dependent nanostructure revealed by
optical anisotropy analysis

The optical propertieand mass of CMEut layersduringtheir formationweremeasured
by in situOWLS technique. In the present section, the results of these experareedistailed
allowingto examine the nanostructure of CMiDlayers in agueous conditions.

The OWLS experiments were carried out oniaoa and epoxysilylated surfaces using
differentgraftingconditions where the pH of grafting solutions was varied\{aegng pHs in
Table 2). The raw optical data of the OWLS measurements werdrtresverse electric and
transverse magnetic effective refractive aadi(Nre, Ntvm). Theevaluation of these data by the
classical homogenous isotropiclad/er mode equatienprovided twoparametersat each
measurement time¢he apparent average refractive index)(andopticalthickness da) of the
CMD adlayet®*14¢(described irSection2.4.1). The resultedia andda enabled to determine
the areal mass density of deposited CMD molecatifee full experimental timescale.

An in situ measurement carried out epoxysilylatedsurfa® is presented ifrigure 7. The
stability of thegrafted CMD layer is demonstrated by the stable baseline achieved in the
washing section. In a separate experiment, the stabilitytesésdby an additionalwashing
phaseusing 0.5 MaqueoudNaCl solution(seeFigure 7 D). As it is obvious from the mass
graph, evemmconcentrated NaCl solutiaid not havesignificart effect on the deposited CMD
layer. The efficiency of grafting wasneasuredy differential values which were obtained as
differences of baseline poinmscorded at the beginning and at the end of the measurement. The
calculated difference valued the effective refractive indicesqgf\Nte, giNtm) as well as mass
and thickness amdetailed inTable 2. The shown table contains all the data obtained trem
measurementwith different conditions. fie mass and thickness difference values as well as
apparent refractive indeof the remained@steadily grafted) CMD adlayer anereafter indicated

by May, dar andna, respectively.

pH oNtel 104  ogNml 10%  Ma, (ng/cm?) NAy da,s (NM) darest (NM)
Am 7.0 3.7 3.8 139 1.67 0.6 1.1-74
Epl 2.3 2.2 2.5 94 1.52 0.8 0.8-5.0
Ep2 7.0 7.5 5.1 260 2.21 0.4 2.1-13.8
Ep3 10.0 6.8 5.2 228 2.10 0.5 1.8-12.1

Table 2 éSummary of OWLS results on the grafting of CMD-ut layers at different grafting conditions (pH,
surface chemistry)[T1]

The compositiog of grafting solutions were the followisgAm: aminated Ep: epoxysilylated surfacesin case
of Am: [CMD] = 30 mg/mL (500 kDa, DS = 0.6), [EDC] = [NHS] = 50 mNh case ofEp: [CMD] = 50 mg/rmL
(500 kDa, DS = 0.6).

ol\te andgiNrw representhe change in the transverse electric siadsversenagnetic effective refractive indices
before and after CMD graftingda, refersto the remaiad arealmassdensityof the CMD adlayerat the end of
the washing section. The ; andda values (calculatedverageefractive index anapticalthickness ofCMD-ut
layer after the washing) were derived from the modelmdations, whilehe estimatethickness of th€€MD-ut
layer, darestwas calculatedssuming realistic refractive index range f6MD-ut layer(naest= 1.36- 1.52).The
data were obtained witth0% error ofmeasuremeneproducibility
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Figure 7 EOWLS sensogramf an in situ CMD grafting experiment [T1]

The graphheades representhe type of solution which wapumped into the OWL3ow-cell. The experiment

was performed at pH 10.0 amepoxysilylated sensor surfa@ncentration of the CMD solution: 50 mg/(BD0

kDa, DS = 0.6). The CMD surface mass dens{tyla, graphC) was calculated from the measufggt andNrwm

effective refractive inedx data A, B) usingthehomogeneous isotropilayer optical modelT he effectiveness of

the grafting was characterized by the difference of baselines recorded at the beginning and at the end of the
measuremengsee indicated values in the graphBhe remainedCMD molecules irreversiblattachedto the

surface aso sigrificant signal changeouldbeobservedneitherafter a long washing timeor after washingyith

0.5 M aqueous solution of Naddy.

The characterizatiomf ultrathin hydrated dextran layersgarticularlycomplicateddue
to the limitation of the currerdvailableoptical techniques. The layease ableto swell in
agueous environmefif generatindow refractive index contrast against the covering aqueous
mediumwhich cases difficult to managén the evaluationNeverthelessmploying the quasi
isotropic analysisna could be utilized toevaluatethe anisotropic characteristics and thus the
nanostructure of the CMBdlayerghroughout theyraftingexperimenidetailed previously in
Section2.4.]). Theresults showedverestimateaa with values 0f1l.52- 2.21(seeTable 2),
indicating significant negative birefringencén the layers(nao > nae). The magnitude of
overestimation correlates with the extent of anisotttfpgnabling to deduce tirsdependent
strudural changes in the CMD layer.
The realistic efractive index ofhydrated CMD-ut layers should be similar tgublished
literaturevaluesof dextran layersrgextranpuiy= 1.36- 1.52'%). Using these data, astimated
refractive index range for the CMD layean beintroduced naest @ 1 - B.%2 The
overestimateda data suggested tha¢ was underestimateRearranging the de Feijter formula

61
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(EqQ. (4)) usingnaest values and based on tfexct thatMa is a plausible mas@a-da error
compensationyealistic (estimated) thickness data can be obtained by the following expression:

£ AETAGO D
€ R

(27)

whereny, is the refractive index of water (fix substituted values were the followthgdc =
0.15 ni/g, nw = 1.3317%.
According to the anisotropy analysisetunrealistically higma valuesderived from CMD
chains with a flat comrmationorientedparallelwith the surfacdtrain conformatioh If the
value ofna had beerower, more CMD chains would havgeenperpendiculato thesurface
and a more hydrated brusike structurewvould be plausibleTo understand the conformational
aterations and layer formation mechanism for the whole deposition experimevs. Ma
hyseresiscurves were also created, involgitime asan implicit parameté?? 2%, This special
type of data representation enabled to track the grafting experiment by analyzoharlges
of na generated by evergdded or removed CMD maassit. The curves (shown irFigure 8)
include both the graftingd) and washingW) experimental phases and they represent all the
examined experimental conditions. The dashed arravesindicaing the direction of
experiment intime and furthermore, the inset drawings are presenting the assumed chain
conformations at the corresponding phases. Based on the difference in shape and values of the
curves, he structure of the grafted CMD layesignificantly depended on the appliagface
chemistry(type of silane coating) and pH

The EDGNHS-basedinking reaction was employed tmvalently graft CMD molecules
through their carboxyl groups &urfaceattachedamino moieties resulting in amide bonds
Coupling the carboxyl and hydroxgroups through epgsilane was also used to gr&D
chainsto the surfaceAccording to the expected reaction pa#ys, the epoxide andCMD
carboxyl groupswvere coupledria ester bonds, whilthe reaction between trepoxides and
CMD hydroxyls formed ether bondalthough the epoxide gups are able to react witloth
CMD hydroxyk and carboxyd, the reactivity of epoxideo carboxysis higherdue tothe more
nucleophilic characteristic afie carboxylic oxygen atoms.
It wasfound that the pH of the CMD solution significantly influenced the structure of CMD
layerson epoxysilylatedWLS sensorsurfacesIn neutral and basic conditions (pH 10.0 and
7.0), the CMD chains lail on the surfacé€high na values) Whenthe CMD grafting was in
progress,na valueswere further increasedhich originatedfrom the deposition of CMD
moleculeswvith a dominant orientatioparallelwith the surface. Reaching the washing section,
as itcan besuggested by the sudden changexofirst the lessassociated bruslike molecules
weredesorbed. During the second part of weeshingprocesssome parallel oriente@MD
chainswere also washedff, however aa slowerrate and in a moderate amount.
Another CMD layer formation mechanism occurred at p8 @vhere theroportionof lain
down molecules was smallefhis observation ibased orthe na value of1.52 which was
closerto the realistic refractive index of thiydratedCMD layer. As the grafting proceeded,
the deposition of loapwas predominanas presemd by the grafting sectiom Figure 8. At
the end of the graftinghasenad 1. 30 was obser v eahdomhpadriégnedvi ng t
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layer without noticeable anisotropy(e & nao). However, these molecules were easily
removed in thesubsequentvashing process, wisil severalain down chains remained on the
surfaceat the end of the washingh\dditionally, pH-dependence could baiso observed
consideringhe valueof grafted CMD maséMa ), which was 2.4old lower comparedo the

mass value acquired at pH 7 (Jable 2).

Regardingepoxyfunctiondized surfacesthe dependenceof CMD structureupon pH is
supposed tooriginate from the pH-dependent efficiency (yield) ofthe epoxide
carboxyl/hydroxyl reactionlt was revealed that the increment in the deposited mwass
accompanied by an incrementiniand it was a function ahepH. At acidic condition (aqueous
CMD solutionwithout pH adjustmeit the smallest amount of CMD was deposited on the
surface, because the high hydrogen ion concentration did not favorepgbride
carboxyl/hydroxyllinking reaction and it was supposed to have negative effect on the reaction
yield!'3, However, the relatively lowalues ofa suggested thatsmaller amount adeposited

CMD moleculedeadto a vertically more extended lay&mnderneutral and basic conditions,

the remaining mass was high and the CMD moleahliegvedoarallel orientation to the surface.

In this way, owing to the more efficient grafting to epoxide groups, the CMD molecules were
able to connect to the surface by meianing poins along their chainghat subsequently
resulted in a flat layer withnly a small amount of loops.

34 T v T v T v T T T v T v T
3.2 n,. PR i
30 F i N | M (!Q 2 b
2.8 -_ < Silylated substrate ] _.
| | Silylated substrate il 5 i
~F TN 3 ]
24 | . ¥ ".-':L_
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18 | / \ pH ]
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Figure 8 éApparent refractive index of CMD layer as a function of deposited CMD areal mass density,
obtained from in situ OWLS grafting experiments at different experimental conditiong[T1]

The shown arrows indicate th@ection of experiments in timleegardinghe arrowsmarkG refers to the grafting,
Wto the washing phasdh the inset tableAmrefers to the aminosilylatep to theepoxysilylated surface3he
changsin the CMD layesstructure during its formatiowas schematically drawn. As the refractindex ellipsoid
(a diagram intended to illustrate the orientation and relative magniftidefractive idices in a birefringent
medium)demonstrates #he top left cornetheoverestimateda valuessuggested a negatlyebirefringent CMD
layer (a0 > Nae).

63



5 RESULTSAND DISCUSSION

The hysteresis curves aminated surfaces (pH 7.0) had similar shape as tkeoseded
onepox-functionalizedsurfacest neutral and basic pH values. However, the grafting resulted
in a moreextendedayer, presentetly thesmallerincreaseof na (Figure 8). Comparing the
Mar andna, values, he aminated surfacémdanintermediate structuresimilar toa structure
between the tw@H extremesobserved on epoxylated surfaqgesi 2.3 and pl 10.0). The
results suggested that the CMD was linked to the aminated surface by less pinning points under
the applied grafting conditiocompared to thepoxylated surfacat pH 10.Q0 however, more
thanatpH 2.3 In the work of Monchaux and eworkers!? smilar differencesverepublished
with respect to thestructure ofcovalently attached CMD laygron aminated surfaces,
corrdating well with the herein presentedsults.

As a briefoverview on he OWLS results, themeasurements performed un@gueous
conditiors resulted inoverestimatedunrealistically high)na valuesreferring to negative
birefringence in th&€MD adayer. It was demonstrated that the layermation accompanied
with a continuous c¢hange itmnostroceure.lMorgowar,bhe ani
conformational alterationgarieddepending on the grafting conditions. It can be concluded that
the grafted amount andanostructureof CMD-ut layers significantly dependd on the
composition ofsilanesulcoating the corresponding linking chemistrgs well aspH of the
grafting solution. Oraverageda = 0.6 nm thicknesswas determinedfor the CMD-ut layers
(Table 2). It was confirmedthat the classical model usedtie OWLS evaluation was not
suitable to determine themalistic thickness and refractive indexnder aqueous conditions.
While the model overestimated thg the correspondinGMD layerthickness was necessarily
underestimated. This observation was well demonstrated by the estimated realistic thickness
ranges da res) Shownin Table 2. Compamg with the thickness ahedry layer (XPS, AFM),
the darest (OWLS) values demonstratesignificant swellingin aqueous environment, which
can be attributed to theubstantialhydration ability of CMD chains.Based on these
observations, the quantitative characterization of hydratiomnd hydrationrelated
conformational alterationsagconsidered to bakey pointin understanding the properties of
CMD-ut layers.
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5.1.4 Viscoelasticand hydration properties. Comparisonwith PLL -g-PEG

In this ®ction, result®btained fromn situ QCM-I measurementsre presentetb reveal
the viscoelastic and hydration properties of CMiDayersprepared on aminosilylated surfaces
The QCMI resultswere supported by OWLS data and the combination of the two technique
provided special tool to characterize tmgdrationcharacteristic of CMBut layers (for the
proposed concept, se&gcheme30 belowv). The QCM-I data wereobtained by a recently
commercialized QCM instrument andheywereevaluated usip aself-developecdevaluation
code. Therefore, tealidatethe raw and evaluated datherelated results on ultrathiALL-g-
PEG layers are also interpretedthe PLL-g-PEG wasused as a reference material for
comparison and validation.

In situ QCM-I In situ OWLS
identical surace
SiO, - TiO,
waveguide

8 Polymer "
e deposition S
L] (CMD or PLL-g-PEG) S
] R g9 3

o
E HO :
o ! ) a

Frequency SI0, - TiO, y Coupling angle
& &= waveguide 3
S Kz £
S S 2
3 g : g
g 2 Composite results %
Iy Q ‘ :
Time s & Time
G
v o . 9 v
wet mass \/ /] W & dry mass
viscoelasticity 7 > anisotropy
Layer refractive index
hydration & viscosity
vs.
. chain conformation y

Scheme30éSchematic representatiorof the applied measurement and data evaluation methodologpr the
investigation ofthe nanostructure of heavily hydrated ultrathin polymer layers [T2]

The parallelQCM-I and OWLS measurements were performed on chemically identical sensor surfaces and the
formationof CMD-ut and PLL-g-PEG nanolayers waa situ monitored.Evaluating the raw measurement data,

wet mass and viscoelastic parameters (QCkls well as dry mass and anisotrapjated parameters (OWLS)

could be obtained and finally combined (corsip® results) to investigate the conformational alterations in terms

of hydration and viscosityThe detailedevaluation methoalogy regarding the combined analysis of optical
anisotropy and viscoedticity will be presented i&ection5.1.5
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5.1.4.1 Qualitative analysis of frequency and dissipation data

Figure 9 presents the raw data curves obtained frogitu QCM-I measurementisoth
for CMD-ut ard PLL-g-PEG layersThe normalized frequency shiftg./n) (Figure 9 A, B)
and dissipation shifg®) (A, B) curves are shown fdheovertones = 3, 5, 7.Due to the fact
that the fundamental frequencyn(= 1) is sensitive to the environmental née the
fundamental resonancatawere neglected anoinly gf andgD datafor the overtones > 1
were pesented.

Similarly to in situ OWLS, in situ QCM-I also allowedto investigatehe whole layer
formation progressAs the presented plotsn Figure 9 indicate, there are consichble
differences in the behavior @MD and PLL-g-PEG layers Whilst a significant amount of
CMD molecules was washemiit of the layer,most of the adsorbed PLg-PEG molecules
remained irreversibly on the surfa@aphA, small change indn/n as a function of time As
it is demonstrated by the large shiftqd (graphsC andD), thewashing strongly affected the
viscoelastic propertiesComparing the washed antdwashed statedhe relativelylarge gD
difference suggestedhat removal ofa small humber ofoosely bound chainsnducel an
observablalteration in the layérs v i s c.dndHe aase of @MDhigyrinsingeffectwas
more obviousThe CMD layer formed until the end of phase 2 (see figure headers) generated a
frequency shift that was more than tiodds compared t&LL-g-PEG. However, 80% of the
frequency shift was retrieved in the washing section by desorption, and the dissip#tien o
remained layer beconugDs = 4.81 10°from 601 10°. The latter value relates to an extremely
dissipativeunwashedtate &t the same timgDs = 2.51 10° was measurefbr theunwashed
PLL-g-PEG layer) Therefore, it is supposed that the CMD lapeovided a soft coverage,
mostly constructed by loosely bound chains. Afterwards, these entangled chains could quickly
desorb and a thjiess dissipative film remained.

Graphsk and F confirm theremarkableeffect of washingAlong the given curvegynecan
track thevariation ofgD as a function ofd atthefull experimental timescale. The significant
bend in the CMD curvef graphF originates from th@eak observed in thgf andgD graphs
(B, D) during the washing section whertense desorption of loosely captured chaic=urred
The analysis of this observation supported by OWLS data will be demonstraedtion
5.1.5
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Figure 9 éFrequency and dissipation shifts measured on PLL-g-PEG and CMD-ut layers. The
corresponding model fits are also presentedT?2]

A, B, C, D.Normalized frequencyA B) and dissipation, D) shift curves measured as a function of timerby

situ QCM-1 on the deposition of PLig-PEG @, C) and CMDBut layers B, D) onto SiO,-TiO; surfacesThe cata

are plotted for the overtones= 3, 5, 7 (see legend in graph which is also related to grajfih) C andD). The
experiments were performed in three consecutive stegicated by the given numbers gnaphheadersthe
polymerfree solution was first driven through the flm&ll to have a stable baseline (1); thea solvent was
exchanged to polymer solution (2), which was flowed until it was replaced by the solvent (3) in order to wash
away the loosely adsorbed polymer chains.

The model its of the measured normalized frequency and dissipation shifts for thermsBp5 and 7 are also
shown.Thequality of fitwas quantifiedor the entire fitted time interval by the mean squared error (MSE) number.

In case of the shown fits, MSE = 117 and 22 could be reached fogfHEG and CMD measurements,
respectively.

E, F. Dissipation shift against normalized frequency shift curves for-HEG E) and CMDut layers(F). The

arrows show the direction of the experiment in time, while the numbers indicate the specific experimental sections
as explained above (1: baselined2position, 3: washing). The red curve in #ds enlarged from ploE.
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The data inTable 3 were readrom the end point of the corresponding\as ingraph
A, B, C andD in Figure 9, and theysummarize thedn/n andqDn values for tle irreversibly
attached layer§.-hedatawere analyzetb decideaboutthe adguacy of the Sauerbrey equation
in the evaluationThis analysis was supported by the followidgta representation mettsod
At the first glance, the comparison gf./n can be rather suggesti¥& as a significant
dependence ofdn/n on the overtone number implies a viscoelastic case. Additionally, the
magnitude offDn can be also a good indicatmd ithas been shown that tieds acritical gDn
number 2 T 10°%, which determinesthe upper limitwhen the layer can be still treated as
rigid16°'162.
According to the presented resultse tdn/n valuesfollowed only a small dependence on the
overtone numberThis observation suggedtsat the Sauerbrey equatishould beadequate
andthe layersarerigid. However significant viscoelastic ltevior was found particularly in
case of CMD, indicated ke values otn (> 21 10°%). ForPLL-g-PEG,theqDnv al ues ( &
21 10°) were around the critical numB&%2 Since thegD valuessuggested a viscoelastic
casethe develope@valuation codevas usedo determine the hydratdtickness @a), mass
(MaRCMY) - shearviscosity ¢la) and shear elastic moduluén] of the adlayerausing the
Voi nov a-based madel g t

Table 3 éNormalized frequency and dissipation

PLL-g-PEG CMD .
g - - shifts for PLL-g-PEG and CMD layers at the

ofe/n (Hz) n=3 32.5 N -15.7 N oyertonesofn=3,5,7[T2]

n=5 30.6 N 14.7 N Thecataarepr esent ed as aver

n=7 29 2 N -14.3 W deviation calculated from 3 parallel experimer

- — — both for PLL-g-PEG and CMD.

gDnl 10 n=3 1.80 N 3.68 N

n=>5 2.12 N 2.28 N

n=7 2.17 N 1.73 KN
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5.1.4.2 Developed evaluation program for viscoelastic analysis

The developedATLAB code is constructed by two main functions. The core function
(VoigtMode) involves the model equations and the equation of the error funatfpr{fgr
details, seescheme20 in Section2.4.2. While the model equations calculate the frequency
and dissipatin shifts at a certain set of parameters, the éametion calls the measured
frequency and dissipation shift data. The squared difference of the calculated and measured
data is computed by th# equation Thefminsearchinbuilt MATLAB function, (locatedin an
outer function QCMevaluation), calls the coréunctionand performs the minimization of the
error function by changing the value of the fitted parameters.

Running the codeeedscoderelatedbackground knowledge arde original codecannot be
run on systemswithout an installed version of MATLABA userfriendly application with
graphical interfacevas also developedvhich can be used osystemswithout installed
MATLAB packageScheme32 (Section9.2, Appendix)illustrates the graphical interface and
demonstrate#s operation

For code validationtwo methodswvere usedRaw gqf and gD datameasured on PEG
layerswere extractedrom the publication of Dutta et at%! and evaluation by the developed
program usg the extractedgd and gD asinput datawas performedThe resultof the fit
(shown inTable 4) demonstratgoodaccuracywith the pullisheddata.

adn/n (Hz) aDn da(nm)  MaQMY (ng/cm?) da(mP a L : On (MPa)
n=3 n=5 n=7 n=3 n=5 n=7
Ref.161 -53.5 -43.4 -37.5 13.2 11.3 9.8 17.78 1778 1.40 0.125
Fit to Ref. -56.7 -42.8 -37.3 13.6 111 9.0 17.21 1721 1.70 0.119

Table 4 éCode validation bymodel fitting to reference values

The data from the 1sbw (Ref.) originate from the publicationof Dutta and ceworkers who measured the
adsorption of thioctagged PEG molecules on gold surface using GZkéchnique.Their measuredd/n and
gD, valueswere fitted using the developembde and the resulted layer propertie®re comparedvith the
published datarhe gf/n andgD, valueswere read at the end of the measurentased on the published details,
1200 kg/mi layer density was usdd the calculationsThe resulted parametens$ the polymeradlayerwere the
followings: da: thicknessMaQ°MV: areal mass densitga: shear viscosityOa: shear elastimodulus
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5.1.4.3 Results from the viscoelastic analysis

The resultobtained fronfitting the measuredyd andgD data areshownin Table 5 and
the fits can be seen Figure 9. The timedependent areal mass densities are shavgraphs
A andB of Figure 10 (the datain the table relates to the end point of the experiment and
representhe remained stable layeflhe propsed schematic structure of the attached myer
are alsadrawn (G, H). For running the fit in addition tothe collectedyd andgD datai the
effective density of the adlayer that relates to the hydrated $tgtevas also required by the
Voi nov a-asedwscoelastic modelln case ofheavily hydratedpolymer layers, the
densityis supposed to be closettee density of watetUsing this approximatiqri000 kg/mi
was used aga both forCMD andPLL-g-PEG®. The mass and viscoelastic data determined by
the fits are presented gure 10. It shouldbe notedhat during the polymer deposition section
of the experiment, the resulted dakeuldbe carefullyconsideredbecause the bulk parameters
(viscosity and density) wereftérent and unknown than #seywere used in the modelhiB
could be especially true icase of the CMD experiments, where a solution with high
concentration (50 mg/ir) was applied.

While OWLS measurs only the deposited mass ofpalymer layer without bound or
trapped solvent moleculeddfyd O WhaSsMa®"'"S), QCM measures the solvated mass
polymer chainsAwetd QCM Voigt massMa*MY). Comparing thevaluated mass dag&able
5), it canbe concludel that there was a significant difference between the-§BEG and
CMD-ut layersn the grafted amount @olymer chaindothwith and withoutassociated water
molecules

The dry and wet masseaseillustrated inFigure 10(A, B). Here, one can see the obvious
difference between the dry and wet mass curves, which isailedi byM,, (mass of bound
water)for the remained layefhese mass data could be used to calculate the hydration degree
(Ga) by Eqg. (17). Boththe PLL-g-PEG andCMD layerspresentedemarkablevater content
providingthe hydration degregalues oflia = 56% and 89%respectivelyNotethataccording
to the literature,usual hydration values dPLL-g-PEG lgers are in the range of 72
849¢°%-205207 The data also demonstrate that althougtdtigenass ofCMD was bwerthan the
mass of PLEg-PEG the hydrated masef CMD significantly exceeded the hydrated mass of
PLL-g-PEG due to theextremehydration of CMDchains This observatiorthat theSauerbrey
(MARCMS3 and Voigt mass of CMMiffered to such extenabviouslyverified the application
of the viscoelast model in data analysiBased on the method bf¢, | | e r-waakersb, the o
number ofassociateavater mdecules per one monomenit of the polyme(NH,0/monome) Was

also calculatedFor the resulted data, s€able 5.
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PLL-g-PEG
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Figure 10 é QCM-I measurement results onthe formation of PLL-g-PEG and CMD-ut nanolayers.
Determination of the mass otbound/trapped water by complementing the QCMI mass data with OWLS
results.[T2]

The evaluation was performed by &
code.

A, B. Areal mass densitgtataobtained fromin situ QCM-I (solid black line) and OWLS (solid red lineh PLL-
g-PEG @A) and CMDut layers(B). In the headerghe numberindicate thecorrespondingxperimendl sections
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(detailedin Figure 9). Two types of QCMI mass curvesre plotted represented byhicker lines(mass data
calculated by the Voigibased modglas well aghinner lines(3rd overtone Sauerbrey mg&3)). In caseof the
CMD plot (B), the data of the fitted Voigt mass were smoothed by adjasemagingmethodusing a 1€point
averaging window. The dashed line underneatinisxtension of the baseline.the deposition section &MD
experiment, th calculated/oigt mass was too high for a proper interpretation, therefore only vahsssup to
3200 ng/cr are shownThe amount of bound/trapped water in the polymer layers are indicatei bpd the
highlightedmass difference.

C, D. Full mass (dashed red)nd thickness (solid black curveglots The mass and thickness are simply
proportional by the factor gfa (Eq. (9)), hencetheir curves have the same shapblelayer density was fixed at
1000 kg/m.

E, F. Shear viscosity (black) and shear elastic modulus (e} of PLL-g-PEG and CMBut layers.

G, H. The drawingslemonstratéhe assumed finatructure of thdormedpolymer layergdbesideshe polymer
chains thebound/trappedavater molecules aragsoindicated.

Measured Reference *

PLL-g-PEG CMD PLL-g-PEG @ or PEG ® PLL-g-D ©, D@, cMC ©
MaOWLS (ng/cm?) 274 N 3124 N 2: 268 RNe@ 4 19 8B6RE -
MaQCEMS3 (ng/cm?) 575 N 6 277 N 2¢ - -
MaQCMY (ng/cm?) 618 N 31102 N ¢ 690[R06@ 124 156G 6 -
Ga (%) 56 89 72 [206 (@)] 83 (207 (2)] 84 56 (@)] 57 [206 (@) g0 - 70 [208 (c)]
NH,0/monomer 4 71 7 [206 ()] 14 [56 () 14 [206() 15 - 30 [208 ()]
3 A (kg/m3) 1000 1000 1000 156 (@]
na 1.58 N 1.66 N ¢ - -
da®WLS (nm) 21N 0.1 09 6 - -
daQCM:S3 (nm) 58N 0.7 2.8 N 0. - -
daQCMY (nm) 62N 0.4 11.0 N ¢ 590B38@ g, 57 o, . -
da( mPals) 3.71 N 1.43 N ( 1.7[@07@)]14[1610) 050 N 0 [22@
& (MPa) 0.80 N 003K 0.0 0.10 [206 @], 0,125 [161 (b)] 0.1-0.2 [162()]

Table 5 Summary and literature review of parallel OWLS and QCM-I measurementresults obtainedon
PLL-g-PEG and CMD layers[T2]

Theda t a

ar e

presented

as

a v saaleutpteddfrory Zirepeated experinsetshiford a r d
PLL-g-PEG and CMDpolymersas well as for OWLS and QCMmeasurementd.he presented data correspond

to the remained and steadily attached layers achieved at the end of the exp@timenpersipted indications

set the following remark$somereferred data were not measucecretelyon PLL-g-PEG and CMD polymers
seedetailsas follows:? measured on PEG measured on PLig-D (D as dextra)) ¢ measured on dextraf
measured on carboxymethyl cellulose (CMC).
Legend:Ma°WtS: areal masslensity measured by OWLMAMS3 MAQCMV: areal mass density measured by
QCM-I and evaluated by the Sauerbrey equatidmvell ady the Voig-basednodel, respectivelyia: hydration
degree N omonomer NUMber of bound water molecules per one monamétrof the polymer chain a: density of

the hydratedpolymer adlayerna, da°"'S: refractive index anaptical thickness otthe adlayer determined by
OWLS; daQM:S3 d\QCMV: adlayerthicknessevaluated by the Sauerbrey equatisnwell ashy the Voigtbased
model, respectivelyga, On: shear viscosity and shear elastic modulus of the polymer adlayer evaluated by the

Voigt-basedmodel.

The references are indicated by the numbbaosvnin the superscripts.
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5 RESULTSAND DISCUSSION

5.1.5 Time-dependent onformational alterations in terms of hydration and
viscoelasticity

To achieve a better insight regarding timae-dependentonformational alterationsf
heavily hydrated CMBut nanolayers a novel OWLSQCM combined data analyzing
methodologywas developed. The evaluation methodolagyased on theuastisotropic
analysis of OWLSJata(na) combined with derigative QCM-relatedquantitieslike hydration
degree and viscositin this respect, thanalysianerges thenethodgpresented ilsection5.1.3
and Section 5.1.4 The methodology and its application with respect to CiDayers
(prepared on aminosilylated surfaee¢ introduced through the composite grapHsgiiire 11
as follows.

GraphA of Figure 11 presents both thex and/ A parameters of CMD layet the entire
experimental timescal®esides the unrealistica values, the realistic refractive indexes of
the hydrated CMD layer is also shown. Herein, compared to the previouslymi¥afSection
5.1.3 data,time-dependenba est values with higher accuracy gpeesentedthe calculation of
Naest Was basedon the known refractive index of dry bulk dextran (1.52, that is a plausible
estimationfor then of CMD) andthe determinetime-dependenf a values
As it has beershownin Section5.1.3and as it is confirmed by the values of gra&phthe 4
layer mode equation model providederestimated (unrealistically high) during the whole
CMD grafting experimentThe overestimationf na wasalso expressed in the underestimated
values of optical thicknessl{°"*%) originated from OWLS data as weGraphB of Figure
11 demonstrates the differentiethehydrated QCM thicknessi{?“MV) at each measurement
point
Figure 11 C andD representomposite OWLSQCM graphs which involve time as implicit
parametersimilarly toFigure 8 (Section5.1.3. Owing to ths data interpretatigrone can track
the effect of ptymer deposition as well as washing on the layer structiardnydration and
viscosity The devised layer structureslating to certain phases the layer formatiorare
illustrated by thdiguresof U, b ando.
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Figure 11 éRevealedconformational changes in CMDut layers in terms of hydration and viscoelastic
properties based orcombined OWLS-QCM data evaluation [T2]

Theillustrationson the topdemonstrate thdevisedconformational changes the formed CMD layer, relating to
certain experimental phases (times) which are indicated in the correspatatmgraphs byU, b and 9,
respectivelyThe numbers in the headers indicate the experimental sections det&igdran9.

GraphA andB represent the adlayer refractive index)(and hydration/(a) as well as mechanical and optical
thickness datadq®"'S andda®“MV) obtained at thevhole experimental timescal&Vhile ny was calculated from
OWLS measurement data onfy, was compiled from OWLS and QGMmass dataGraphB shows the hydrated
thickness data of grafdh in Figure 10. The values oha andda®"S were calculated from OWLS measurements
using the isotropic homogenoudad/er mode equation3.he presenteda st values were irthe range ofl.33-
1.36andprovided a practical boundary for the isotrepitsotropic transition (shown in graphandC).

GraphC was compiled fronthe na and; a data of graptA. In the inset of graple, the refractive index ellipsoid
demonstrates the observed negative birefringen the adlayeing , > na ). GraphD combines the magnitude of
anisotropy () with layer viscosity @a; from QCMI), where the latter quantity was independently determined
from QCMH.
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5 RESULTSAND DISCUSSION

Thededucedgrogress of CMDayerformationis interpretedas follows. Right after thiflow

of CMD solution, a thickheavily hydrated;(a & 97%) and viscousdf & 1.52 mP& vs. duater

= 1 Jn&yerAvas formed andtabilized(illustrated byU). The increased magnitude of
anisotropy fa = 1.49 vsnaest = 1.34) suggesta dominant chairconformationparallelwith
surfacecomplemented witfiew perpendicular loops and attadhrandom coils.

However, in he forthcoming washing phase, a remarkable fast changeccurred in the layer
structure fa = 1.49Y 1.84) induced by the removal of loosely bound chaiasnly with
perpendicular and random coil conformations. As a realdtyer with prevalently lain down
chainsand with a much lower ratio extending loopsvas formedat ca. 50 min, indicated by
b).

Neverthelessit was revealed thdi andits correspondingtructurewasonly an intermediate
phase of the washing section. thecurve of/ a, an unexpected bend appeared ardusee
graphC, transiently increasinga valueg, andb was folowed by a continuous decreas¢g af
decrease ofia as well asncreaseof da (D), presenting an opposite direction to the preceding
tendency. The bend correspondsthe ascending a data indicated byb in graph A.
Furthermore, this curve shapdginated from the peathatappearedothin the qDn as well
asgdn/n graphs, and it could be also observed as a betiek D3 - qfs/3 graph respectively
(Figure 11D, F). Whilst the phenomenon arouba@ould not be perceived by the raw effective
refractive index and calculated OWLS mass dataoiild berevealed by theanisotropy
analysis Based on thebove considerationst is strongly supported thafter the rapid
displacement of weakly bound CMD molecules, a conformational rearrangement started in the
layer structure, accompanying with a moderate loss of mass and involviexgehsiorof lain
down chains toperpendicularly orientedoops (descendinga). The rearrangement was
accompanied with a transient rehydration of the layer (see the small bgadumve, graph
C), followed by a recommencingater lossthat must havegoverned by the detachment of
heavily hydratedCMD chains which werein the bottom half of the layer and got uncovered
during the washingafterb, moderatedecreasén Ma°"S while massive decreasejin). The
proposed final structure consistednobreextended chains witless hydration is also backed
up by the observed rise in layer viscosity (gr&)h

The fact that the massive decreasing tendenew abuld be still observed when the surface
amount of botlthe CMD chains and trapped wateerestalle (only small level of mass loss),
strongly confirms the conformational rearrangement hypothesis. It is also concluded that
despite the emergence ettendingloops, the lain down chains were still dominating in the
remained structureo), demonstrated byhe relatively highna values (1.55 > 1.36 naest
significant negative birefringence).

As it is supported by all the analyzed data, @a, Ma®"''S, j a, da) and due to the fact
thatthe particulartracesof the conformational rearrangement could be independently detected
by OWLS and QCM measurements, the presented layer formation mechanism is based on
plausible considerations. It is worth highlighting that without the ggasiopic analysis, the
confamational rearrangement couildt havebeenobserved by the OWLS technique (the raw
QCM-I data werehoweversensitive).lt is also notedhat the background of thesvealed
phenomena should be further analyzed due to the complexity (hydratedvistedehstic
behavioj and nanescaledimensions of the examin€&MD-ut layers.

75
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5.1.6 Summary of results presented in Sectiob.1

In Section5.1, results obtained on the characterization of ultrathin, covalently grafted
CMD layers were presented. The layers were measured both in their dry and hydraded state
using various surface analytical techniques. Based on XPS measurements, the thickness of
CMD-ut layer was determined to be 8im, which was in good agreement with AFM results.
Supported by two main observations, it was shown that the -GMRByer wascovalenly
grafted to the surfaceThese observations were the following$:the thickness o€CMD-ut
layer on Si substrates without silane coafcantrol samplejvas one order of magnitude lower
(0.07 nm) thann case of usingilylated substratéor grafting, (ii) and it was also proven that
the CMD molecules formedtable layer which add not be washed off even hyoncentated
solutionof NaCl
Based on the quasotropic analysis ofin situ OWLS data, it was revealed that the
nanostructure, narhethe orientation of CMD molecules is dependent on the applied surface
chemistry ad pH of the grafting solution.On epoxysilylated surfaces,was found that the
dominant chain conformation of CMD molecules is parali¢h the surface under neutral and
basic conditions, while under acidic conditidhe layeris consisted o# significantly larger
number of extending loops with perpendicular orientation to the surfdcecase of
aminosilylated surfaces at neutral pH, the nanostructure was found tetveeeh the two
extremes observed on epoxylated surfaces.

The viscoelastic properties as well as taydd thickness and mass ©MD-ut layers were
measured by a newly commercialiZg@M-1 instrumentand the data were evaluated by a-self
developed programMeasuring PLL-g-PEG nandayers, the data obtained by this new
instrument andevaluated by the setfevelopedevaluation program w®re successfully
validated As a result of theombined analysis af situOWLS and QCMI measurement data,
the hydration dege of CMD-ut layers wasdeterminedresulting the considerable value of
89%.

Also in this section, aew OWLSQCM data evaluation methodologyas presentethat is
based on thguastisotropicanalysisof OWLS datan terms of layer hydration and viscosity
This methodology couldbe appliedor the kinetic analysis of structurakatations irhydrated
nanolayers.lt was found thatthe washing of CMD-ut layer irduces a conformational
rearrangement witlsonsecutive increasing and decreadiygrationdegreesresultingin a
final structureconsisting ofmostly lain down chainandmoderate numbeaf perpendicularly
orientedloops.
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5.2 Characterization of spin-coated CMD layers

Heran, resultsonthe characterizatioaf spincoated and crosslinked CMs§xlayers are
presented.The layers were usedin further applications (seeesultslater), therefore, the
thorough analysis of layer propertiasstronglyrequired.

5.2.1 Thickness compositionand topography

The CMD-sc layerswere prepare@mployingvarous spincoatingrotational speeds
order to control the thickness of the deposited layefficknessmapswere obtained by
mapping modespectrecopic ellipsometry measuremenBlipsometric optical modelwas
developedn orderto evaluate the measuré&dand gpspectraanddetermine the thickness of dry
CMD-sc layers.Ellipsometry was foundncapablefor the measurement of CMDx films,
becausehe verythin CMD layer could not beeliably separatedrom the substratddowever,
overarounda thickness 0b - 10 nm(measurement data are not shoving spectraould be
effectively evaluatedand the thickness and refractive index of CMD lagecould be
determinedScheme31lillustratestheappliedoptical modethatconsiders the ppmsedsample
structure.

A B C
CMD Cauchy | d; Cauchy A (B)
Aminosilane - d is neglected
"o I : Cauchy | . :
SiO,-TiO, waveguide (gradient) d; Cauchy A, B; &
BK7 glass substrate Cauchy | fix (referenced)

Scheme31 éOptical model developed for the ellipsometric characterization of ®1D-sclayers[T3]

SchemeA showsthe schematic structure o typical sampleand B representshe used refractive index
approximating modek-or simplification, the aminosilane layer was imotolved due to its negligible thickness.
The fitted layer paraméers C) are also presented.h& given symbols belong to the following parameters:
thickness d), A and B parameter®f the Cauchg squation CauchyA, B) and inhomogeneity degreg)(The
optical parameters of BK7 glass wendginatedfrom the database of CompleteEASE progfdm

The Q and g spectra were fitted in thevavelength range of 450900 nm for each
measurementln the optical model, the refractive index of different layers were fitted by the
threepar amet er Ca (Eq. (R4)oThepaametars of tbBK7 glasssubstrate were
kept fixed for each sampl&he developedpticalmodel hypothesizelihear inhomogeneity of
the refractive index in the depth of the %00, waveguiddayer (gradient layemode). This
hypothesis was supported by the expectation that the density of the top part of the waveguide
was decreased due to the applied sevéeahtng cycles with the use of chromosulfuric acid.
Thewaveguiddayer was divided into 5 slices in which the Cauéghgarameter was a linear
function of depth The fitted inhomogeneitydegree(l) presented the percentage of the
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difference ofA between tk bottom and the top of SiTiO- layer. Additionally, parametes
was also fitted while keepin@ at zero.The use ofi as fit parametesignificantly enhanatthe
fit quality and, in addition, its resulg value was always negative. These observatioppat
well the above hypothesiegarding thevaveguide layeto be inhomogeneous in its depth
the analysis of 12 samples, thevasfound to bel . 8 N (avkeradistd).

The wavelength dependence tbe refractive indexof bulk CMD, represented bthe
CauchyB parameterwas determined by the evaluatiohmeasurements performed on spin
coatedthick CMD layers usinggold substrat¢the samples were not washed). The gold was
used as substratdecauseit provided high optical contrasand high sensitivity in the
measurementf layerswith low refractive indexvalue The fitted spectra andxperimental
detaik can be seeim Figure 12. The resulted dispersionas found to b&cwmp = 4.51 103N
741 10*( average N st d; based on the&wvawagadetpsi s of
zero as its effect on the fit was negligibléiis valuewas used as fiparametefor thefurther
analysis of CMD-sc layers prepared on aminosilylated Si@TiO2> surfaces unless a
significantly more accurate fit required the parameter todeel asadditional variableWhile
keepingBcwp fixed, the Cauchy and the thickness of CMBc layers were fitted (see optical
model inScheme31).
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= -
[0) P
S ~
a__-&,_/.ﬁ_—sy—
/mmm Measured
---------- Fit
0 " 1 " 1 L 1 L
200 400 600 800 1000
Wavelength (nm)
1.54 . r , r , ; G
1.52 .
1.50 —
[=]
=
:O
1.48 -
1.46 i
1.44 " | " 1 . P ——
200 400 600 800 1000

Wavelength (nm)

Figure 12 éllipsometric spectra of aspin-coated CMD layerusedfor the determination of refractive index

dispersion of the bulkCMD (Cauchy B parameter)

q( )andp( ) spectraf) measured oa CMD layerspincoatedat 3000 rpm rotational speed on top of a gold

substrate. The dispersion pareter was determined by fitting the measured spectra. The refractive index
dispersion function can be seen in gr&ltOn partA of the figure, the solid lines refer to the ma@sl spectra,

the dashed linet® the fitted curves. The measurement pagormed at the incident angle range of#450 A ( wi t h
anangleshitob A) and in the wal00® hne Tihg plditedrspectngeer eo fr ecloor ded at 5
applied optical model was based on considering ftlewing structure: BK7Cr.Os/Au/CMD. The varied

parameters were the CMD thicknessand B Cauchy parameters as well @ginction coefficient of the CMD

layer. MSEvalueof the presented fit: 39.
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In Figure 13, a thickness and refractive index map measured on an unwashegCsaimple

is presented(, D). The resulted CMBsc thickness values obtained from the ellipsometric
analysis are shown iRigure 14. The bar chart represents both the unwashed layer and the
remained layer after washing, prepared at varying rotational speeds. The error bars on top of
the columns are indicating the mininatd maximal layer thickness values, observed on the
maps of 3 parallel samples. As it was expected, the rotational speed had significant effect on
the thickness of unwashed CMD layers and the tendency of thickinasgeas a function of
rotational speedlso followed the expectations. However, the washing process considerably
affected the CMD layer, and the sfioated layer lost more than 80% of its thickness. The
effect of different rotational speeds the remained layer thicknesss not obvious. It cabe
concluded, that although the thickness of unwashed layers could be controlled by the rotational
speed in a wide thickness range (X@00 nm), the thickness of the washed layers always
remained in the range of 10 nm.

33 A 40
30 B
—~ 27 o~ T T A=1473
N ol d=723n0m : 5_45x10°
T 24 S TA=1717
‘s-: | g d=174.0nm: B=2.0x10"
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C dewo (NM) D Neup, 632.8 nm
0.6 84.13 0.6 1.48533
0.4 : |78.56 0.4 : I 1.48451
—~ 02 . . . 72.99 —~ 02 1.48368
£ S
O oo 67.43 O oo 1.48286
> >
0.2 61.86 0.2 1.48203
04 56.30 0.4 1.48121
06 I . 50.73 -0.6 . 1.48038
09 0.6 03 0.0 0.3 0.6 0.9 -0.9 -0.6 -0.3 0.0 0.3 0.6 0.9
x (cm) x (cm)

Figure 13 éEllipsometric spectra as well as thickness and refractive index maps obtained on unwashed
CMD-sc layer

d (" )andomp( ) spectra mesured for the determination tficknessand refractive index of CMBc layeron
SiO,-TiO, substrate (OWLS model sampl@). The solid lines refer to the measured spectra, the déadhekd
linesto the fitted curves (MSE £.9). The spectra were recorded at the center priat@ cm,y = 0 cm) of the
sample The layer wapreparedat spirncoatingrotational speedf 6000 rpm Detailsof the optical modearealso
shown(B), indicatingthe resulted parameter valuegtet center pointThe corresponding fit can be checked in
graphA (parametersthickness ¢), A, B and C parameter®f the Cauch§ squationas well asnhomogeneity
degree Q).

GraphC andD presenthethickness dcvp) and refractive indexntwmp, 632.8 ) map ofCMD layer. The refractive
index was calculated from the Cauéhgquation atvavelength 0%632.8 nm.Each mapcontairs 25 measured
pointswith different positions.
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The literature of sphtoated dextran layers is fairly podinder et al. presentea wide range

of thicknessvalues(approx. 5- 1800 nm) of spircoated nativeand uncrosslinkedextran
layers?®. In that work, the concentration range of the applied soluti@s25 - 200 mg/nt..
The adjustedotational speed&l000- 4000 rpm) were similain my experimentshowever,
the solutionsn the published work @ere prepared from 66 kDa molecular weight dextran
which was different to the molecular weighttbé CMDusedin the work of the present thesis
(500 kDa).In my experiments, dth the molecular weight of dextran and the crosslinking
reaction shouldubstantially Hect the viscosity of the appliggrecursor solution, significantly
determinng the properties othe spincoated layer. Thereforehe results from the above
publication aréhardly comparable tthe obtaineddata.

250

Figure 14éCMD-sclayer thicknessas
a function of applied spincoating
rotational speeds
200 Thetop valuesof the upper (light orange
colored) columns at each rotational
speed represent the thickness of the
] unwashed CMD layers. The height of
l the orange columns underneath bekbng
l 'I to the thickness of the remained layers
ari | | after washing. Each column height
,l represerg thickness valug averaged
from daa obtained atthe 9 cental
measurementpaositions of 3 parallel
| '|' samples(aggregately 27 points)The
| -|- ] error bars on the columns represent the
+ T minimum and maximum values of the
0 determinedthicknesseqout of the 27

1000 2000 4000 6000 . . :
. points) at the orresponding rotational
Rotational speed (rpm) speeds.

OLayer before washing (unwashed)
B Layer after washing (remained)

150

Thickness of CMD layer (nm)

The elemental compositiori GMD-sc layers wadeterminedy XPS Themain goal of
theXPSmeasurements was the detectiopladsphorousriginating fromcrosslinkednoieties
Sinceonly the STMP crosslinkenoleculesontained P atosamong thgossiblecompounds
a detected P signal could be obviously attributedSToMP. Howeveri as it has been
demonstrated abovie the washing remarkaplinfluenced the thickness @MD-sc layers,
meaning thaa significant amount of STM&d not crosslink the ®ID. Nevertheless, unreacted
STMPsweresupposedly removed from the layertheintensivewashingcycle According to
these considerationg, was relevanto verify that whetherthe detected P signaf washed
CMD-sc layers originated fromhemically incoporatedcrosslinks, or the signalderivedfrom
weaklyboundSTMP residues.

The bar chart oFigure 15 presents elemental compositiomkich werecalculated assuming

homogeneousayer composition Three different (and separat€EMD-sc specimens were

investigated including an unwashedspecimen(a), a specmen washed with ultrapure water
only (short partial washindp) as well asa specimen washed with ultrapure wa@d M HCI
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solutionand ultrapure water again (complete washi)gTlhe increased level of N signal in the
washed samples waselto thedecreased thicknes$ CMD layer. Thdargeamount of Na in

the unwashed sampl(a) can be attributed mainly to the used NaOH in the crosslinker solution,
however, the Na content of the STMP could asmewhatontributeto that As the atomic
ratios of Nasuggestthewashing with ultrapure water itself could not remove the entire amount
of Na anda considerable Na conter@mained in the layeb). Neverthelesshe remained Na
could be significantlyemovedoy a subsquent washing with H@olution €), indicated by the
measuredNa signathat wagustaround the detection level (0.1% atomic percent). At the same
time, thoudp a huge amount of P was washed ouhefCMD layetby water(b), the remained

P content did not change after washmith HCI solution(c).

0.20
0.185 @N @Na @P
0.18 F
0.16 F
0.14 F
0.12 F
0.10 F

0.08 f

Atomic ratio

0.06

0.040
0.04

0.02 f

0.019 0.019
0.001

| | 0.002 | |0001 0.004
0.00 — = —_— |

Sample 1 Sample 2 Sample 3

Figure 15 éElemental composition of CMD-sclayers measured by XPS

The presented data correspond to three differently washed santmetstigrouf data(a) relates to a sample

that was uwashed, th&nd(b) relates to a sample that was washedlbypure wateonly (short partial washing)

as well as the dataf the 3rd grougc) were collected oa sample thatvas exposed tthe full washing procedure
including washing with0.1 M HCIl and an additiodawashing phase of ultrapure wat@omplete washing)
According to the given colors, the columns correspond to the atomic ratios of nitrogen (N), sodium (Na) and
phosphorous (P)Y he top values ofach columrare also indicated in the chart.

The remaind Naiions were presumably attracted to the negatively charged carboxylic groups
and, when the HCI in the washing solution exchanged thmiNato Hions, the Na content
significantly decreased. This removal process of Na clearly proves that tloasNeald be
removed almost completely from the CMD layer. In the same manner, the simple aqueous
washing couldalsoremove the weakly bound residues of STMP salt, however, the remained
content could not be eliminated neither by a harsh washing process. Theg@ions
confirm that the P conterbrrespondd to covalently bound crosslinker molecules. TheND.2
0.1-0.4N0.1% P content is supposed to correspond to an approx. 5% crosslinking degree. This
suggests that on average every 20th anhydroglucosemasi crosslinked by one STMP
molecule.
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The AFM measuremen{seeFigure 16) indicated that both the washed and unwashed
samples are very smooth wiawus value of around 0.5.
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Figure 16 8AFM images of CMD-scsurfaces o o
Topographic images capturég tapping modeneasurementsn51 5 Om (A) as wellas 1 1 On (B) scanned
areas. The correspondifgms surface roughnesslues areghe followings: 0.50 nmA) and 0.39 nmEg).

5.2.2 Wetting properties

Similarly to the presented CA measurementsSattion 5.1.2 Figure 17 shows the
resulted CAs on aminosilane and CMD surfaces. The CMBc layer was prepared @m
aminosilanecoated OWLS model specimérheadvancingCAs of CMD-sc surfaces varied in
the rangeof 10 - 30A It was observed thadfter the deposition, ¢hshape of the drops
significantly variedin time. To analyze this phenomenodynamic measurementsere
additionally performed on CMBsc surfacesA typical result of these measurements
presergd ingraphC of Figure 17. It is shown that the relaxation of the CA is evident and the
CA shows remarkable decrease in time due to the water absorption of the CMD layer which is
a typical property of hydrogels.

On the other hand, it is also highlighted that CA measuremeitich layers should be
performed and evaluated carefully: the determined CA is strongly dependent on the
measurement parameters, such asethpsed time after drop depositidn case of CMDut

layers, suchdynamic characteristic could not lketected verifying the differentstructure
(presence of crosslinkthickness) othe two types of CMD layers.
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Figure 17 &Nater CAs on aminosilane and CMD-sc surfaces

ImageA wascapturedon an aminosilylated glass slidedB corresponds tan CMD-sc-coated OWLS model
specimenGraphC presents the alteration in CA data measured as a function of time, demonstrating the dynamic
wetting behavior of CMBsc layers.

5.2.3 Summary of results presented in Sectiob.2

In Section5.2, results on the characterization of spoatedand STMPcrosslinkedCMD
layerswere presented.he CMD-sc layersvere intendedo bethicker than the CMEut layers
andthey were also intended to cathe properties of chemical hydrefs in order to provide
appropriate support for cell adhesion experiments and further applEatiocell-based
biosensor measurements. The layers were characterized under dry conditions by various surface
analytical techniques, including SE, XPS and AFM.

For the evaluation of SE data, the optical model of Cétated samplesagdeveloped. To
havea reliablemodel, theefractive indexdispersion ofefractive index (CauchB parameter)

of the bulk CMD was determindaly performing separate, higgensitivity measurements on
gold substrate.

Using theoptical modeldevelopedor the evaluation o6E measurements, it was shown that
the thickness of unwashed CMH2 layers was in the range of 1:0P00nm, depending on the
applied spircoating rotational geed. However, the thicknesswéshed CMDBsc layers was
found to be independent on the rotational speedtamalsdetermined to ba the range 010

- 50 nm.Based on XPS measurements performe@MD-sc samplesvhich wee exposed to
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different washingntensities it was proven that thdetectable P contemh the thoroughly
washedsampleselates to covalent phosphate bondpresenting crosslinking degree of 5%.
In addition, he hydrogelnatureof CMD-sc layerswere well demonstrated by dynamic CA
measurements showing that the layers can absorb a large amount oheeatierg significant
time-dependenthange in th€A values.

5.3 Protein- and cellrepellent ability of CMD layers

A principle of the applicationsof CMD coatingsin the field of biosensors and cell
adhesiomesearclhs theability toimpedethe adsorption of various serum proteind adhesion
of living cells. Todemonstratéhesefeatures of the developed layerprotein adsorptionand
cdl adhesbn experimentsvere performeadn CMD-ut- and CMD-sccovered specimen3he
relatedoutcomesare presented ithis section.

The results oNSB experiments can be seenFigure 18 that presentdypical OWLS
adsorption curvesf BSA, FGN and LYZ proteinsneasuredbn CMD-ut (A) and CMDsc
surfaceg(B). The adsorption procesgas characterizetly the amount of adsorbedqgteins
(areal mass densityalues Mprotein). In addition, Table 6 summarizes the data which were
obtained from parallel adsorption measuremet@itsnparedto the reference (controlfurves
measured on bare SiiO. surfacs, the CMD layes clearly suppressed thadsorption of
eachappliedprotein Theincreasedamount of adsorbed LYZ can be explained by the elevated
attraction of positively charged protemoleculegpl = 11.0) to negatively charged CMbPhains
(PKa & 3)*?2 in the applied buffer medium (pH 7.4). Nevertheleshie CMD showed an
improved resistance theNSB even in these conditions

CMD-ut layer CMD-sc layer
— BSA
400 PBd . PmtemI solullar: [ . . PBIS i LYZ 400 PBS[ i ProtelnI solutlor: | i . PBIS .
350 B]
—~ 300
E 250
g’ 200 on
~ Substrate
§ 150 ]
= 100
50
on
0 cmMD A
70 80

Time (min) Time (min)

Figure 18 éTypical measurement results oNSB experimentsperformed on CMD-ut and CMD-sc layers

The adsorption of BSA, FGN and LYZ protewssin situ monitored by OWLSThegiven curve colas define

the used proteiias well adine styles define the applied surfaseThe solid lines are indicating tlaglsorption
experimens performed orCMD-covered surfac the dashed lines are relating to the experiments performed on
bare substraggSiO-TiO, surface) The applied solution flows (PB% Protein solutiorY PBS) are indicated in

the header of each graph
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Based on the data dfable 6, it can be also concluded that on average there was a slight
differencein the proteirrepellent ability between theMD-ut and CMDsc surfaces, showing
that the CMDut layers presented better resistance to the NSB.

CMD-ut CMD-sc SiO2-TiO2 (control)

Mesa (ng/cm?) 4 N 6 N 83 5K
Mren (ng/cm?) 1 N 7 N 2 2 753N
Mcyz (ng/cm?) 1118 232N 169 N11

Table 6 éResulted NSB dateaobtained on CMD-ut, CMD-sc and SiQ-TiO2 (control) surfaces
The data are given as average vadllue s t a n d a r d, whkeervis tiee nimber of éepeated measureménts
was 3 or 4)

The adhesiorof living HelLa cellson CMD-sc surfacesvas observed by phase contrast
microscopyAccording to the microscgpmages of Figure 19, the CMDindicated higHevel
cell repulson characteristic. The cells could not adhere to the CMD surface, they retaimed thei
typical spherical bape that can kgpically observedn culture mediumwithout adhesion.

Figure 19 éPhase contrast ntroscopyimages about an dhesion testperformed with HeLa cellson CMD -
sc-coated and uncoated glass slide surfaces

Image A was taken on a sangpthat was partiallycovered withCMD-sc layer.The CMD-covered part and
uncovered part of the glass substerteindicated byhelabels Theedgeof CMD layer is indicated by thehown
arrow.The cells could ot adhere to the CMD layghey were congregated on the glasgace where they started
adhering(demonstratedby the enlarged images)). ImageA and imageB weretaken after 4and 6hours of
incubationin cell culture
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6 SUMMARY

In the presenthesis,the developnent ofultrathin (CMD-ut) and spircoated (CMDsc)
carboxymethyl dextran layevgasdemonstratedlhecompogtion, structure as well ggotein
and cell repellenability of the developednheavily hydratedcoatingswere characterizetly
variousanalytical methods/\hile the CMD-ut layers weralevelopedo use later in classical
biosensor measuremerfty biomolecule detection, the CMBc layers were developed for
futurecell-based biosensor experiments.

All the layer preparatioexperimetswere performed usingMD stock material thavas
synthetized according to tiaelaptednethod described iBection4.2.1 The synthetized CM®
were characterized by FTIR and acidimettitcation which were successfully useddetect the
presence ofarboxylic groups and deterngithe degree ofarboxymethylation (DS)

For the fabrication of CMEut layers, two different surface chemistrwere applied,
including CMD grafting to aminosilaneoating using EDQYHS linking chemistrywith the
formation of amide bond$CMD-ut-Am layer9 as well asdirect grafting to epoxysilane
coatingsforming ester and ether bond€MD-ut-Ep layer9. The layerfabrications were
performed on oxidéased surfaces, including tB&,-TiO>-type waveguide surface GWLS
biosensor chips and SiGurface ostandardSi substrates.

The CMD-ut coatings were analyzed their dry state using ATHFTIR, XPS as well AFM
techniques. Th ATR-FTIR and XPSmneasurementsroved the presence of CMD layer 8n
substrateby detecting the signal @farboxylic grougand obtaiing theelemental composition
of the specimen surface§he topography of CMD surfaces was analyZeg AFM
measurementsnd thesurface roughnesR&éms) was determinetb be 1.1 nmAccordingto the
results of XPS depth analystbeseparatehickness ominosilane and CMD laygwas 2.9
nm and 0.3 nm, respectively, correlating well with the AFM uvdtsthat provided 4 nm as a
collectivethickness otheaminosilaneandCMD layers Control XPS measurements performed
on unsilylated Si substratessulted in one order of magnitude lov@¥ID thicknesg0.07 nm)
than on silylated surface demonstratingthe success otovalent grafting. War CA
measurementsshowed that the grafting of CMDt layer on aminosilylated surface
accompanies witlsignificant decrease in the CA data (680AY 20-4 0 A) , proving
presencend hydrophilic characteristic of CMDX coating.

Since even the uncrosslinked CMD laybehavdike hydroges anddue to the fact that
the high water contentand swelling ability are essential properties determining several
applications the characterizatiorof CMD-ut layers under aqueous conditions was high
importance In the corresponding experiments, foemation of CMDut layers wasn situ
monitored by OWLS and QCNImeasuremenisllowing to collect kinetic data about the CMD
grafting process
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Thein situ grafting exeriments proved that the CMDafecules form stable coating on the
SiOx-TiO2 waveguidesurface. The deposited layer could betwashed even ka/concentrated
solutionof NaCl, confirmingthat the chains were covalentyafted to the surface

Revealed byhe analysis of deviations between the OWLS apparent layer refractive index data
and realistic CMD refractive index values (quasitropic analysis), it was found that there is
the possibilityto tunethe nanostructure of CMEut layersbothby the compasion of the silane
coating and the pH of CMD grafting solutioim case ofCMD-ut-Ep coatings, the OWLS
measurement®vealed that the layer structure was stronglydeidendent: whiléhe dominant
chain conformation was paraliith the surfacen neutral and basic conditionat acidic pH
thestructure was found ane open with larger number lmiopsperpendicular to the surfada

case of CMD-ut-Am layers, an intermediate structure was observed which could be
characterized by a structutteat was between the two pH extremes of CMBEp layersThe
pH-dependent nanostructure of CMIBEp layers was explained by the varying efficiency of
the grafting reaction at different pH values resulting in a significant variation in the number of
surface grdfng points.

The QCM measurementaere performed by newly commercialized QCM instrument
equippedwith SiO-TiO2-coated sensorchips The QCMI chips covered by waveguide
material enabled to perform paralliel situ OWLS-QCM measurementslo analyze the
obtained QCMI data in terms of viscoelasticity and to calculate the realistic hydrated CMD
mass, a evaluation codéeveloped in MATLAB environment and associated user interface
were alsointroduced. Reference masurements on the welbcumented, electstatically
deposited PLIg-PEG nanolayers were usbkdthfor instrumental and code validatias well

as forproviding comparative foundatioof the new results on CMBut layers.The obtained
data were validated by a thorough comparative analysis badédraturevalues(measured
mainly by QCM-D), verifying thedeveloped evaluation prograas well. The parallel OWLS
QCM measurementwith the application of th evaluation programprovidedviscoelasticand
hydrationrelatedparameters such abear viscosy (1.43N 0 . 2 7, sheeP elahtie modulus
(0.03N0.01 MP3, hydrated thicknes(11.0N  4m)&s well as hydration degrealuesfor

the CMD-ut-Am layers It is worth highlighting thategardingthe CMD layerssuchdataare
unprecedented in the literatute wasfound thatcompared to PLig-PEG layersalthougha
smalleramount of CMD molecules were deposited on the sensor sutia@xtreme hydration

of CMD-ut layers(la = 89%) resulted in a significantly higheret mass(in case of PLEg-

PEG (ia = 59%)

The develope®@WLS-QCM data analysis methodology (qu&sitropic analysis supported by
QCM data)was successfullyapplied for revealing thetime-dependenthanastructureand
formation mechanisraf CMD-ut-Am layers interms ofhydration andviscosity According to

the results, the washing induced remarkable conformational rearrangement in the layer,
involving the slight extension of chains from lain down conformatimnloopsas well as
consecutive decreasing and irasing levels of layer hydration. The resultiedl structure was
composed of predominantly lain down chains with moderate number of perpendicular loop
conformations.
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Besides the ultrathincoatings CMD-based chemical hydrogéhyers with increased
thickness values (CMD-sc) were also preparedusing a novel CMD layer fabrication
methodology. The developed metlbahy is based onthe spincoating and chemical
crosslinking of CMD moleculesThe STMP applied ascrosslinking agent enablgd form
CMD-based chemical hydrogel layers OWLS andglasssubstrate surface$o control the
thickness, the layers were prepausthgdifferentspin-coatingrotational speed3.he CMD-sc
layers were thoroughly characterizathder dry conditionsby SE, XPS and AFM
measurements:or theevaluation of theecordedSE spectra, an ellipsometric optical model
was developed considering the structasevell aptical propertie®f the examined samples
As a part of the comprehensive SE analysis, the paradesterbing the wavelength dispersion
of thebulk CMD refractive indeXCauchyB parameterjvas also determing@ = 4.51 10° N
7.41 10%). According to the SEesults whilst the thickness dhe unwashed layers was well
controlled by the appliedrotational speeslin the range ofLl00 - 200 nm and the thickness
followed the expected tendenaye thickness valuesf washed, stably remained layeats
different rotational speedgerefoundto beuniform (values betweehO and 50 nim According
to the CA measurements, tH@MD-sc layerdowered the CA of water droplets form 68 0 A
(aminosilylated surface) to tliange of 10 3 0 A .

The effectof the intensive washing phaappliedas a final stewf layer fabricationprocess
was analyzed by XPShe XPS analysis also enabled éstimate the crosslinking degree
CMD-sc layers It was proven that the detectd?l atomsn the washed specimens originated
from covalently boundrosslinks, and based on the determined P cqoritemtcrosslinking
degree wa®stimatedio be 5%.Additionally, dynamic CA measurements revealed that the
layerscanabsab alargeamount of water inducing@onounceahange in the CA value$his
finding confirms the hydrogelature of CMDsc layers.

Thein situ OWLS-monitored preein adsorption experiments, performed using bovine
serum albumin, fibrinogen and lysozyme protein molecules, showed that the CMD coatings
suppressed the amount of adsorbed proteins by more than one order of magnipaled to
protein amountsmeasured 1 uncoated OWLShip surfaces (control measuremeniB)e
increased amount of adsorbed LYZ could be attributed to the elevated attraction of positively
charged protein molecules @MD chains under the applied experimental conditions (nearly
neutral pH).It was also shown thahe CMD-ut coatings presented mosedficient NSB
resstance than the CMBc coatings, however, only a slight difference was observed.

Based on cell adhesion experiments monitored by phase contrast microscopy;ridpeteht
ability of CMD-sc layers was also demonstrated.
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7 THESES

7.1 Theses in English

91

The nanostructure of ultrathin carboxymethyl dextran (CiMPlayers covalentlgrafted

onto silylated Si@TiO>-based surfaces was characterizedrbgitu optical waveguide
lightmode spectroscopy (OWLS) measurements and the data were evaluated by the quasi
isotropic optical model. Analyzing the deviations of the determined apparent layer
refractive indices from the realistic values, | found that the naraiate of CMDut layers

is dependent on the chemical composition of the applied silane coating and the pH of
grafting solution.In case ofepoxysilylated surfaceshe layer structurevas found to be
strongly pHdependent which was explained by the pittpendence of the grafting
react i on 0 shilete ilammanecham gonformMatiarasparallelwith the surface
underneutral and basic conditions, at acidic fité structure was found to have larger
number of chains with orientation perpendicular ® shrface and have therefore a more
open structure. In case of the aminosilylated surfaces at neutral pH, an intermediate
structure of the above two extremes was obsefireq.

Based on parallel OWLS amikcoelasticitysensitive quartz crystahicrobalance (QCM)
measurements, | presented data omtlaeation ability hydrated thickness, shear viscosity
andshearelastic modulus of CMEut layersfor the first time The layers were prepared on
aminosilylated SiOx-TiO2-based waveguidiype surface and the QCM measurements
were performed by a neimpedance measurif@CM-I instrument. The data obtained by
this QCM instrument and the used evaluation code were validateshipjoying sel
assembled poly{lysine)graft-poly(ethylene glycol) layers asferencamaterial.l found

that the CMDut layers have great hydration abilities demonstrated by the determined
hydration degree of 89%TI2][T4]

a. | developed a novel OWL®CM combined data analysis methodology for khmetic
evaluation ofnanostructural alterations iritrathin hydrated polymer layers based on the
guastisotropicanalysis of OWLS data in terms of hydration degree and viscpB&}y.

b. Based on the developed methodolobjound that the aqueousvashing ofCMD-ut

layers pepared on aminosilylated surfaces induces the conformational rearrangement of
CMD chains that results in significant alterations in layer hydration and viscosity. | proved
that the resulted structued the end of the washimvgas composed of predominantiin

down chains with a moderate number of loop conformat@ngendicular to the surface

[T2]
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IV. For the first time in the literaturepresente@pectroscopic ellipsomet($E) measurement
results on CMD layers spicoated onto waveguidgpe (SiO-TiO2-basedl surfaces.
Based onseparatehigh-sensitivity SE measurements performed gpincoated CMD
layers on golgubstrated determinedhe parameter describing the wavelength dispersion
of the bulk CMD refractive index for the first tim8upported byhe developed optical
model and calculatedispersiorparameter valughe thicknessf CMD layers spircoated
at various rotational speedere determined by SE measuremefiis]
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7.2 ThesesinHungarian( t ®z 1 spont ok mac¢
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9 APPENDIX

9.1 XPS spectra

Our XPS measurement equipmethi¢tectshe signal from a macroscopic aresp¢t with
a diameter obout5 mm) andit observe an average composition over this area. The detected
intensity was exponeially weakening with the deptihe appliedevaluation model assumie
alaterally homogeneoudistribution of thecompositionThelayerthickness valuesere within
the range ofheinelastic mean free paths of the d¢éel photoelectrons andvitasenabledo
apply an evaluatiomodel in which the thicknes$ each layer with different compositisoan
be determined®. The followingscould be conclude@supplementing the resultetailedin
Section5.1.1).

1.) The measured carbon 1s signal was decompimgedd chemical states: carboxyl
(COOH) and amid (NC=0); carbonyl (C=0) and double oxygen bond @DO); single
oxygen bond (©C); normal ceébon atoms with sigmai bondsand G H bonds onlyThough
the stoichiometry is knownothfor the aminosilane and CMD layers, the quantity of the carbon
components was not used to direct thickness calcugati@causany possiblecontaminatios
presening on the Si wafer surfaceannot be clearly separate@ihe following qualitative
statement can be concluded from the decomposition: the presence of the CMD layer
significantly increased the ratio of the C atoms in th® Gtate and those in the carbortgite
(QiCi O).

2.) The spectra of the 8]MD (CMD on Si wafer wthout covalent graftingBi/Aminosilane
(aminosilane orSi wafer)and Si/Aminosilane/CMDBsamples arshownin the comparative
graph ofFigure 20. The CMD layer on top of the oxidized Si wafer appears in the spectrum by
the visible carbon signal, however, the spectrum is dominated by the Si and O content of the
bulk oxidized Si wafefThe aminosilane layer resettin a significant N gnal originating from
amino group andit resulted inan increased @s well ageduced Si and O signal$.can be
also seen irfrigure 20 that the grafting of CMD layer significantly weakened the detected N
signal.

3.) Although the Si signal was found in all specimens, the distinction of the p{ir@0S2V)
and oxideSi (104 &/) peaks clearly showed the increasing thickness of the coatings on Si wafer.
In case otheclean Si wafer, the dominant part of Si was in pure state. As the aminosilane was
bound to the surface Si atom with oxide bonds, the presence of the oxide peak increased in the
spectrum, and consequently it attenuated the pure Si signal.
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Figure 20 éXPS spectra ofthree different samples:aminosilane-coated Si wafer (Si/Aminosilane), CMD-
coatedSi wafer (Si/CMD) as well asSi wafer with covalently grafted CMD layer (Si/Aminosilane/CMD)
Only the essential pardf the spectra are shown and the binding energy axis is drawn in 4 separate pieces.

9.2 QCM evaluation program

This sectionbriefly describesthe operation of the setfevelopedMATALB -based
programusedfor the evaluation of QCM measurement daté&scheme32 illustrates the
p r o g rgephigad interface

The input settings can la®ne on the left boxes of the interface. The top left box provide
sdtings forthe parameters of the quartz crystal, bulk liquid and formed layer. Numerical value
for all the slown parameters should be given.
I n t he AFi tthesonditibns ofditing prdcessmnbe determined Here, one can
select the harmonidavailable harmonics amre= 1, 3, 5, 7)of frequencies and dissipations
used for the calculations. Unselected harmoswill be discardedThe standard deviains of
the selected harmoniasan begivenin two optionalways (using a popup list): they canbe
calculatedrom a selected interval of the measured data (the interval can be selected4n a pop
up figure) or using givemalues. For fit calculations (performed by the Nellkyad simplex
method), all the varied fit parameters (thickness, viscosibgulus)are needed tget inital
values, which can be given three optional methaising a pogup list the methods are not
detailed here). Also in th box, if required,one canusedata smoothing (performed by the
moving averagemoothingmethod).
Int he Al nput datdmerssienof tima gseddn the mput datasheet (measured
data)can be set and thiene intervalintended for the evaluation can be selected. The input data
should be given iXLSX file format containing time, frequencyddisspation datan different
columns vhere each row belongs to one measurementiitiethe corresponding frequency
and dissipatiowvalues
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Int he @A Outed ut ndespeafibmeasyrement name can be given that will be used

as the name afutput data and figure files. The destination directory for saving output files can

be also selected.

The evaluation process candseecued bypressing he bl ue AStart fito bu
starts with the selection of input dsli@et using a pepp window ofthefile explorer.
Theresukdgraphsea r e s hown i n t haodtherintegacen thsBRbeduQ u asloi tby x
of fito, one can check t hgW/nMRED,oueveésaewellas h e f i
¢? that representshe quality offit as a function of measurement time. In tubboxi Fi t t e d

| ayer p athegraghs afesultedthickness, areal mass density, viscosity and modulus

are shown. All the plotted graphs as well as theirsfetetsareautomaticallysavednto JPEG

andXLSX files, respectively
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